
C.E.M.  Wagner

EFI and KICP, University of Chicago
 Argonne National Laboratory

Aspen Winter Workshop, Aspen, February 10, 2008

Interplay between B Physics, Higgs Physics  
 and Dark Matter Searches 

in collaboration with

M. Carena, S. Heinemeyer and G. Weiglein,   Eur. Phys. J. C45:497, 2006. 
M. Carena,  A. Menon,  R. Noriega  and  A. Szynkman,   PRD74:015009 (2006)

M. Carena,  A. Menon, PRD76:035004 (2007),   arxiv:0812.3594



• In the SM, the Higgs couples to fermions with a strength proportional 
to the fermion mass.  One can start from arbitrary Yukawas                                        

• Once we diagonallize the mass matrix, the interactions of the Higgs 
field are also diagonal in flavor.

• For instance, in the mass eigenstate basis what we get is                                                  

Higgs Physics in the  Standard Model
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m̂i and ĥiwhere                   are the diagonal masses and Yukawa couplings 
of the down quarks.
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Two Higgs doublet Models

Now, imagine there are two Higgs doublets.

Both Higgs doublets will acquire different v.e.v.’s. The mass matrix 
will be equal to

 

It is clear that the diagonalization of the mass matrix will lead to the 
diagonalization of neither of the Yukawa couplings.  This will induce 
large, usually unacceptable FCNC in the Higgs sector.  

Easiest solution: Up and down quarks should couple to only one of 
the Higgs bosons.  This is what happens in the MSSM at tree-level. 
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MSSM Higgs Boson Spectrum

Two Higgs doublets: Two CP-even, a CP-odd and a charged 
Higgs.  The CP-even Higgs bosons

where

Similarly, the charged CP-odd and charged Higgs bosons 
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Higgs Couplings to (s)fermions

• At tree level, only one of the Higgs doublets couples to down-quarks 
and leptons, and the other couples to up quarks

• Since the up and down quark sectors are diagonalized 
independently, the interactions remain flavor diagonal. 

• h is SM-like, while H and A have enhanced couplings to down quarks

• Trilinear interactions of Higgs with sfermions. In the simplest case,

L = Ψ̄i
L (hd,ijH1dR + hu,ijH2uR) + h.c.

ũ∗Lhu(AuH2 − µ∗H1)ũR + d̃∗Lhd(AdH1 − µ∗H2)d̃R + h.c.

d̄L
m̂d

v
( h + tanβ (H + iA)) dR + h.c.



Loop Corrections to Higgs boson massesLoop Corrections to Higgs boson masses

!! Most important corrections come from the stop sector,Most important corrections come from the stop sector,

     where the off-diagonal term depends on the stop-Higgs trilinear     where the off-diagonal term depends on the stop-Higgs trilinear

     couplings,     couplings,

!! For large CP-odd Higgs boson masses, and withFor large CP-odd Higgs boson masses, and with

     dominant one-loop corrections are given by,     dominant one-loop corrections are given by,

!! After two-loop corrections:After two-loop corrections:
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Mass of the SM-like Higgs h 
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Figure 2. Comparison of the diagrammatic two-loop O(m2
t h

2
t αs) result for mh, to leading order

in mt/MS [eqs. (46) and (47)] with the “mixed-scale” one-loop EFT result [eq. (49)]. Note that

the latter now includes the threshold corrections due to stop mixing in the evaluation of mt(MS) in

contrast to the EFT results depicted in fig. 1. “Mixed-scale” indicates that in the no-mixing and

mixing contributions to the one-loop Higgs mass, the running top quark mass is evaluated at different

scales according to eq. (48). See text for further details. The two graphs above are plotted for

MS = mA = (m2
g̃ + m2

t )
1/2 = 1 TeV for the cases of tan β = 1.6 and tanβ = 30, respectively.
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Standard Model-like Higgs Mass

Carena, Haber, Heinemeyer, Weiglein,C.W.’00

Xt = At − µ/ tanβ, Xt = 0 : No mixing; Xt =
√

6MS : Max. Mixing



with  H ! bb, WW    

with H ! WW

Direct Higgs searches at the Tevatron

Tevatron can search for the Higgs in all the mass range preferred by precision data

Press release: 9/08

Tevatron achieves 

sensitivity to exclude

a Higgs with 

mass 170 GeV 

Some Possible 
production 
Processes



Higgs mass reach at the Tevatron: exciting times ahead

 Evidence of a signal will mean that  the Higgs has SM-like couplings to the W and Z

Expected detector/analysis performance

==>  mH < 185 GeV  will to be probed at the Tevatron

7 fb-1

Accelerator performance implies

 9fb-1 of data available in 2010



The search for the Standard Model Higgs at the LHC

• Low mass range mHSM < 200 GeV

H !"" ,## ,bb,WW ,ZZ

•  High mass range mHSM > 200 GeV

H !WW ,  ZZ

   1 bf-1

 in 2009



Radiative Corrections to Higgs Couplings

• Couplings of down and up quark fermions to both Higgs fields arise 
after radiative corrections. 

 

• The radiatively induced coupling depends on ratios                                   
of  supersymmetry breaking parameters
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Figure 1: SUSY radiative corrections to the self-energies of the d-quarks

We show that the usual approach of calculating tanβ enhanced FCNC (Flavor Changing
Neutral Currents) effects in the Kaon sector does not agree with the exact results one finds
in the limit of flavor independent masses. Thus, we develop a perturbative approach that
leads to agreement with the exact result in this limit. Finally we study the effects of the
phases of M1, M2, M3 and µ on ∆Ms, BR(Bs → µ+µ−) and εK in the cases of uniform and
split squark spectra.

We shall emphasize the implications of the present bounds on BR(Bs → µ+µ−) for future
measurements at the Tevatron collider, both in Higgs as well as in B-physics. In particular,
we shall show that the present bound on BR(Bs → µ+µ−) leads to strong constraints
on possible corrections to both ∆Ms and the Kaon mixing parameters in minimal flavor
violating schemes. Moreover, we shall show that this bound, together with the constraint
implied by the measurement of BR(b → sγ) leads to limits on the possibility of measuring
light, non-standard Higgs bosons in the MSSM.

This article is organized as follows. In section 2, we define our theoretical setup, giving
the basic expressions necessary for the analysis of the flavor violating effects at large values
of tan β. In particular, we show how the first order perturbative expressions in the CKM
matrix elements are inappropriate to define the corrections in the Kaon sector where higher
order effects need to be considered. In section 3 we show the implications of the constraint
on BR(Bs → µ+µ−) for the mixing parameters of the Kaon and B sectors in the large tanβ
regime. In section 4, we explain the implications for Higgs searches at the Tevatron. We
reserve section 5 for our conclusions and some technical details for the appendices.

2 Theoretical Setup

2.1 The resummed effective Lagrangian and the sparticle spec-
trum

The importance of large tan β FCNC effects in supersymmetry has been known for sometime.
The finite pieces of the one-loop self energy diagrams lead to an effective lagrangian for the

2

tanβ =
v2

v1

Xt = At − µ/ tanβ " At ∆b = (Eg + Eth
2
t ) tan β



• Non-standard Higgs bosons are characterized by enhanced couplings to 
the b-quarks and tau-leptons.

• Couplings to gauge bosons and other fermions are suppressed.

• Considering the values of the running bottom and tau masses and the 
fact that there are three colors of quarks, one gets  

BR(A→ bb) " 9
9 + (1 + ∆b)

2 , BR(A→ ττ) " (1 + ∆b)
2

9 + (1 + ∆b)
2

Searches for Non-Standard Higgs bosons

gAbb ! gHbb !
mb tanβ

(1 + ∆b)v
, gAττ ! gHττ !

mτ tanβ

v



g

g

b

b

H,A

g

g b

b

H,A

Non-Standard Higgs Production

Associated Production

Gluon Fusion

gAbb ! gHbb !
mb tanβ

(1 + ∆b)v
, gAττ ! gHττ !

mτ tanβ

v

QCD:  S. Dawson, C.B. Jackson, L. Reina, D. Wackeroth, hep-ph/0603112



σ(bb̄A)×BR(A→ bb̄) # σ(bb̄A)SM
tan2 β

(1 + ∆b)
2 ×

9
(1 + ∆b)

2 + 9

σ(bb̄, gg → A)×BR(A→ ττ) # σ(bb̄, gg → A)SM
tan2 β

(1 + ∆b)
2 + 9

• Searches at the Tevatron and the LHC are induced by production 
channels associated with the large bottom Yukawa coupling.

• There may be a strong dependence on the parameters in the bb search 
channel, which is strongly reduced in the tau tau mode.

Searches for non-standard Higgs bosons
M. Carena, S. Heinemeyer, G.Weiglein,C.W, EJPC’06
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Figure 5: Comparison between the limits obtained from the pp̄ → φ → τ+τ− channel at the
Tevatron in the mmax

h (left) and no-mixing (right) benchmark scenarios for different values
of µ.

to an expression for the branching ratio in analogy to eq. (17). Accordingly, a positive ∆b

leads to a suppression of BR(t → H±b), while a negative ∆b leads to an enhancement.
For large values of tanβ, At and Ab there is a large correction proportional to h2

t h
2
b how large are

these correc-
tions?that affects the relation between M2

A and M2
H±. For a fixed value of MH± it drives MA to

rather small values. In the region of small MH± and large tan β currently probed at the
Tevatron [8] the corresponding MA values are below the LEP exclusion bound [2]. Therefore
this channel at present is less relevant for obtaining exclusion limits in the MA–tanβ plane
than the neutral Higgs-boson search channels discussed above. It is expected to become
more competitive, however, with increasing luminosity collected in Run II of the Tevatron.

3.2 Prospects for Higgs sensitivities at the LHC

The most sensitive channels for detecting heavy MSSM Higgs bosons at the LHC are the
channel pp → H, A → τ+τ− (making use of different decay modes of the two τ leptons) and
the channel tH±, H± → τντ (for MH± ≥ mt) [49,50]. We consider here the parameter region
MA # MZ , for which the heavy states H , A are widely separated in mass from the light
CP-even Higgs boson h. Here and in the following we do not discuss search channels where
the heavy Higgs bosons decay into supersymmetric particles, which depend very sensitively
on the model parameters [50–52], but we will comment below on how these decays can affect
the searches with bottom-quarks and τ -leptons in the final state.
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Searches at the Tevatron in the tau tau mode

M. Carena, S. Heinemeyer, G.Weiglein,C.W, EJPC06

L = 200 pb−1 L = 200 pb−1

pp̄→ Φ, Φ→ τ+τ−



Updated CDF Higgs Search Results



Non-standard Higgs FCNC: Flavor Violating  b s couplings

An interesting  correlation appears between the SUSY contribution to 
different processes

b̄RXRLsLH + h.c. = b̄R
mb tanβ

v

Eth2
t tanβ Vts

(1 + ∆b)(1 + Eg tanβ)
sL H + h.c.

BR(Bs → µ+µ−) " |XRL|2 tan2 β

m4
A

(∆MBs)
SUSY ! − |XRL|2

m2
A

As described above, since at the loop level the down quarks couple to both 
Higgs fields, there will be FCNC in the Higgs sector. In the absence of FC 
couplings in the gluino sector:

∆b = (Eg + Eth
2
t ) tan β Et ∝ Xt(stop mixing parameter)

Babu and Kolda’00, A. Buras et al’02; Dedes and Pilaftsis’03, Foster et al’05,Lunghi et al’06
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A few months ago, the D0 collaboration has reported a signal consistent with values of
∆Ms in the range

21 (ps)−1 > ∆Ms > 17 ps−1 (17)

at the 90 % C.L. [27]. More recently, the CDF collaboration has made a measurement, with
the result [28]

∆Ms = (17.77 ± 0.10(stat) ± 0.07(syst))ps−1. (18)

The asymmetric and large theoretical uncertainties and the precise experimental value
suggest that small or moderate negative contributions to ∆Ms may be easily accommodated.
As shown in Refs. [13, 14, 15, 17] for large tanβ and uniform squark masses one obtains
negative contributions to ∆Ms that are well approximated by

(∆Ms)
DP = −12.0ps−1

[
tanβ

50

]4 [
FBs

230MeV

]2 [
Vts

0.40

]2

[
m̄b(µs)

3.0GeV
][

m̄s(µs)

0.06GeV
][

m̄4
t (µs)

M2
W M2

A

]
(16π2)2ε2

Y

(1 + ε3 tan β)2(1 + ε0 tanβ)
. (19)

2.1.3 BR(b → sγ)

The next B-physics process of interest is the rare decay b → sγ. The world experimental
average of the branching of this rare decay is [29]

BR(b → sγ)exp = (3.55 ± 0.24+0.09
−0.10 ± 0.03) × 10−4. (20)

This experimental result is very close to the SM central value and so puts a very strong con-
straint on flavor violation in any extension of the Standard Model. However, the theoretical
uncertainties in the Standard Model for this process are quite large [29]

BR(b → sγ)SM = (2.98 ± 0.26) × 10−4. (21)

Using the experimental and SM ranges for the BR(b → sγ) we find the 2σ allowed range is

0.92 ≤ BR(b → sγ)MSSM

BR(b → sγ)SM
≤ 1.46. (22)

This bound is appropriate for constraining new physics contributions due to the cancellation
of the dominant uncertainties coming from infrared physics effects.

In minimal flavor violating MSSM there are two new contributions from the charged Higgs
and the chargino-stops. The charged Higgs amplitude is proportional to the factor [30, 31]

AH+ ∝
1 − 2αs

3π µM3 tan β
(
cos2 θt̃C0(m2

s̃L
, m2

t̃1
, M2

3 ) + sin2 θt̃C0(m2
s̃L

, m2
t̃2
, M2

3 )
)

1 + ε3 tanβ
, (23)

4

A few months ago, the D0 collaboration has reported a signal consistent with values of
∆Ms in the range

21 (ps)−1 > ∆Ms > 17 ps−1 (17)

at the 90 % C.L. [27]. More recently, the CDF collaboration has made a measurement, with
the result [28]

∆Ms = (17.77 ± 0.10(stat) ± 0.07(syst))ps−1. (18)

The asymmetric and large theoretical uncertainties and the precise experimental value
suggest that small or moderate negative contributions to ∆Ms may be easily accommodated.
As shown in Refs. [13, 14, 15, 17] for large tanβ and uniform squark masses one obtains
negative contributions to ∆Ms that are well approximated by

(∆Ms)
DP = −12.0ps−1

[
tanβ

50

]4 [
FBs

230MeV

]2 [
Vts

0.40

]2

[
m̄b(µs)

3.0GeV
][

m̄s(µs)

0.06GeV
][

m̄4
t (µs)

M2
W M2

A

]
(16π2)2ε2

Y

(1 + ε3 tan β)2(1 + ε0 tanβ)
. (19)

2.1.3 BR(b → sγ)

The next B-physics process of interest is the rare decay b → sγ. The world experimental
average of the branching of this rare decay is [29]

BR(b → sγ)exp = (3.55 ± 0.24+0.09
−0.10 ± 0.03) × 10−4. (20)

This experimental result is very close to the SM central value and so puts a very strong con-
straint on flavor violation in any extension of the Standard Model. However, the theoretical
uncertainties in the Standard Model for this process are quite large [29]

BR(b → sγ)SM = (2.98 ± 0.26) × 10−4. (21)

Using the experimental and SM ranges for the BR(b → sγ) we find the 2σ allowed range is

0.92 ≤ BR(b → sγ)MSSM

BR(b → sγ)SM
≤ 1.46. (22)

This bound is appropriate for constraining new physics contributions due to the cancellation
of the dominant uncertainties coming from infrared physics effects.

In minimal flavor violating MSSM there are two new contributions from the charged Higgs
and the chargino-stops. The charged Higgs amplitude is proportional to the factor [30, 31]

AH+ ∝
1 − 2αs

3π µM3 tan β
(
cos2 θt̃C0(m2

s̃L
, m2

t̃1
, M2

3 ) + sin2 θt̃C0(m2
s̃L

, m2
t̃2
, M2

3 )
)

1 + ε3 tanβ
, (23)

4

A few months ago, the D0 collaboration has reported a signal consistent with values of
∆Ms in the range

21 (ps)−1 > ∆Ms > 17 ps−1 (17)

at the 90 % C.L. [27]. More recently, the CDF collaboration has made a measurement, with
the result [28]

∆Ms = (17.77 ± 0.10(stat) ± 0.07(syst))ps−1. (18)

The asymmetric and large theoretical uncertainties and the precise experimental value
suggest that small or moderate negative contributions to ∆Ms may be easily accommodated.
As shown in Refs. [13, 14, 15, 17] for large tanβ and uniform squark masses one obtains
negative contributions to ∆Ms that are well approximated by

(∆Ms)
DP = −12.0ps−1

[
tanβ

50

]4 [
FBs

230MeV

]2 [
Vts

0.40

]2

[
m̄b(µs)

3.0GeV
][

m̄s(µs)

0.06GeV
][

m̄4
t (µs)

M2
W M2

A

]
(16π2)2ε2

Y

(1 + ε3 tan β)2(1 + ε0 tanβ)
. (19)

2.1.3 BR(b → sγ)

The next B-physics process of interest is the rare decay b → sγ. The world experimental
average of the branching of this rare decay is [29]

BR(b → sγ)exp = (3.55 ± 0.24+0.09
−0.10 ± 0.03) × 10−4. (20)

This experimental result is very close to the SM central value and so puts a very strong con-
straint on flavor violation in any extension of the Standard Model. However, the theoretical
uncertainties in the Standard Model for this process are quite large [29]

BR(b → sγ)SM = (2.98 ± 0.26) × 10−4. (21)

Using the experimental and SM ranges for the BR(b → sγ) we find the 2σ allowed range is

0.92 ≤ BR(b → sγ)MSSM

BR(b → sγ)SM
≤ 1.46. (22)

This bound is appropriate for constraining new physics contributions due to the cancellation
of the dominant uncertainties coming from infrared physics effects.

In minimal flavor violating MSSM there are two new contributions from the charged Higgs
and the chargino-stops. The charged Higgs amplitude is proportional to the factor [30, 31]

AH+ ∝
1 − 2αs

3π µM3 tan β
(
cos2 θt̃C0(m2

s̃L
, m2

t̃1
, M2

3 ) + sin2 θt̃C0(m2
s̃L

, m2
t̃2
, M2

3 )
)

1 + ε3 tanβ
, (23)

4

A few months ago, the D0 collaboration has reported a signal consistent with values of
∆Ms in the range

21 (ps)−1 > ∆Ms > 17 ps−1 (17)

at the 90 % C.L. [27]. More recently, the CDF collaboration has made a measurement, with
the result [28]

∆Ms = (17.77 ± 0.10(stat) ± 0.07(syst))ps−1. (18)

The asymmetric and large theoretical uncertainties and the precise experimental value
suggest that small or moderate negative contributions to ∆Ms may be easily accommodated.
As shown in Refs. [13, 14, 15, 17] for large tanβ and uniform squark masses one obtains
negative contributions to ∆Ms that are well approximated by

(∆Ms)
DP = −12.0ps−1

[
tanβ

50

]4 [
FBs

230MeV

]2 [
Vts

0.40

]2

[
m̄b(µs)

3.0GeV
][

m̄s(µs)

0.06GeV
][

m̄4
t (µs)

M2
W M2

A

]
(16π2)2ε2

Y

(1 + ε3 tan β)2(1 + ε0 tanβ)
. (19)

2.1.3 BR(b → sγ)

The next B-physics process of interest is the rare decay b → sγ. The world experimental
average of the branching of this rare decay is [29]

BR(b → sγ)exp = (3.55 ± 0.24+0.09
−0.10 ± 0.03) × 10−4. (20)

This experimental result is very close to the SM central value and so puts a very strong con-
straint on flavor violation in any extension of the Standard Model. However, the theoretical
uncertainties in the Standard Model for this process are quite large [29]

BR(b → sγ)SM = (2.98 ± 0.26) × 10−4. (21)

Using the experimental and SM ranges for the BR(b → sγ) we find the 2σ allowed range is

0.92 ≤ BR(b → sγ)MSSM

BR(b → sγ)SM
≤ 1.46. (22)

This bound is appropriate for constraining new physics contributions due to the cancellation
of the dominant uncertainties coming from infrared physics effects.

In minimal flavor violating MSSM there are two new contributions from the charged Higgs
and the chargino-stops. The charged Higgs amplitude is proportional to the factor [30, 31]

AH+ ∝
1 − 2αs

3π µM3 tan β
(
cos2 θt̃C0(m2

s̃L
, m2

t̃1
, M2

3 ) + sin2 θt̃C0(m2
s̃L

, m2
t̃2
, M2

3 )
)

1 + ε3 tanβ
, (23)

4

Current Theory and Experimental results

(CDF’06)

Bs Mixing:

BR(b→ sγ) :respectively, where mb̃i
is the ith sbottom mass, mt̃i is the ith stop mass, M3 is the gluino

mass, µ is the higgsino mass parameter, At is the Higgs stop soft SUSY breaking trilinear
parameter and

C0(x, y, z) =
y

(x − y)(z − y)
log(y/x) +

z

(x − z)(y − z)
log(z/x). (9)

The present experimental exclusion limit at 90% C.L. from CDF [23] is

BR(Bs → µ+µ−) ≤ 1 × 10−7, (10)

which puts strong restrictions on possible flavor changing neutral currents in the MSSM at
large tanβ. Additionally the projected exclusion limit, at 90% C.L., on this process for
4 fb−1 at the Tevatron is [24]

BR(Bs → µ+µ−) ≤ 2.8 × 10−8. (11)

For the LHC, the projected ATLAS bound at 10 fb−1 is []

BR(Bs → µ+µ−) ≤ 5.5 × 10−9. (12)
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The updated theoretical predictions from the CKMfitter and UTFit groups are slightly
different. The UTFit group finds the 95 % C.L. range [25]

(∆Ms)
SM = (20.9 ± 2.6)ps−1 (15)

which is consistent with the CKMfitter groups’ 2σ range [26]

13.4 ps−1 ≤ (∆Ms)
SM ≤ 31.1 ps−1 (16)

and central value 18.9 ps−1.
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searches at the LHC we used the 30 fb−1 luminosity estimates. Finally we conclude in
section 4.
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Correlation between Higgs mediated flavor 
violating effects

• Higgs mediated contribution to              has opposite sign to the SM one.

• Recent measurement of             is consistent with (a deviation of a few          
with respect to) the SM prediction.  A SUSY contribution of about a few          
may only be obtained for parameters that would guarantee the observation  
of                            at  the Tevatron collider.

M. Carena, A.Menon, A. Szynkman, R. Noriega, C.W.’06
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Figure 2: Correlation between BR(Bs → µ+µ−) and ∆Ms. The squark masses are all
uniform and have been set to 0.5 TeV. The rest of the SUSY parameters have been chosen so
that |ε0| and |εY | have their maximal values. The black lines have fixed values of MA/ tanβ,
but varying gluino phase. The contours represent ∆Ms for different ranges of MA (MA ≥ 500,
1000, 2000 GeV) for gluino mass and At phases equal to π, and varying tan β values. The
red (grey) vertical line is the experimental bound on BR(Bs → µ+µ−).

It is possible to enhance the value of ∆Ms beyond what we have explored, by allowing
values of |µ| > 2 mq̃. If, for instance, we consider values of µ ∼> 3mq̃, for the same value of
BR(Bs → µ+µ−) we can enhance ∆Ms by a factor ∼ 1.5. This suggests that the contours in
Figs. 2 and 3 are not strict upper bounds, and can be further enhanced, almost in a linear
way, by pushing |µ|/mq̃ to larger values. However, due to the extreme values of the mass
parameters selected in defining the contours, these are indicative of the upper bound on the
the double penguin contributions to ∆Ms for a given value of BR(Bs → µ+µ−) for natural
values of the mass parameters.

In Fig. 3 we depart from the limit of universal squark masses, by setting the third
generation squark masses ∼ 0.5 TeV while the first two generation squark masses are 5
TeV, which leads to ε3

0 having its maximal value, but ε1
0 and ε2

0 being 100 times smaller.
Hence, this splitting of the squark masses spoils the linear correlation between ∆Ms and
BR(Bs → µ+µ−) due to the different parametric dependences of X32

RL and X23
RL for split

masses. In both Figs. 2 and 3 the vertical red (grey) line is the experimental bound on
BR(Bs → µ+µ−) in Eq. (62).

Figs. 2 and 3 suggest that large values of |∆Ms| may not be obtained, for values of εJ
0 and

εY close to their maximal values in Eqs. (65) and (66), without violating the BR(Bs → µ+µ−)
bound. Due to these bounds, for values of MA < 1 TeV, the double penguin corrections to
∆Ms are restricted to be negative and relatively small, so that |∆Ms|SUSY <∼ 5× 10−12 GeV,
or equivalently |∆Ms|SUSY <

∼ 7.5 ps−1.
The BR(Bs → µ+µ−) bound also constrains contributions to ∆Md and ∆MK to values

15

ps−1

Bs → µ+µ−

∆Ms

∆Ms
ps−1

∆Ms ! (17.77± 0.25) ps−1; (∆Ms)
SM ! (20.9± 5.2) ps−1 (UTFIT, 2σ range)

Buras et al’07; U. Nierste et al’08
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Additional Flavor Constraints

where θt̃ is the stop mixing angle, while the chargino-stop amplitude has the form [30, 31]

Aχ− ∝ µAt tanβ

1 + ε3 tanβ
C0(m

2
t̃1
, m2

t̃2
, m2

χ+). (24)

The forms of these amplitudes are important in understanding the constraints on the SUSY
contributions to BR(b → sγ), which will be d iscussed below.

2.1.4 BR(Bu → τν)

The final B-physics observable of interest is the process Bu → τν which the Belle experi-
mental collaboration finds to be [20]

BR(Bu → τν)Belle = (1.79+0.56
−0.49(stat)+0.46

−0.51(syst)) × 10−4, (25)

while the Babar collaboration finds a value [21]

BR(Bu → τν)Belle = (0.88+0.68
−0.67(stat) ± 0.11(syst)) × 10−4. (26)

The average of these two experiments is then [25]

BR(Bu → τν)Exp = (1.31 ± 0.48) × 10−4. (27)

The Standard Model contribution is mediated by the W-boson and has the generic
form [32]

BR(Bu → τν)SM =
G2

F mBm2
τ

8π

(
1 − m2

τ

m2
B

)2

F 2
B|Vub|2τB (28)

and using the present values for |Vub|, τB and the extracted value of fB = 0.237± 0.037 GeV
leads to the value [25] BR(Bu → τν)SM = (0.85 ± 0.13) × 10−4. In the MSSM there is
an extra contribution due to the charged Higgs which interferes destructively with the SM
contribution, so that at large tanβ the ratio of the two is [32]

RBτν =
BR(Bu → τν)MSSM

BR(Bu → τν)SM
=

[
1 −

(
m2

B

m2
H±

)
tan2 β

1 + ε0 tanβ

]2

. (29)

Therefore assuming at most a 2σ deviation due to the charged Higgs contribution we have
the allowed range

0.32 ≤ RBτν ≤ 2.77. (30)
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(Belle-Babar)

BR(Bu → τν)MSSM

BR(Bu → τν)SM
=

[
1−

(
m2

B

m2
H±

)
tan2 β

(1 + Eg tanβ)

]2

3 Numerical limits and constraints

3.1 Experimental constraints on B-physics observables.

Due to the extra supersymmetric contributions to these rare decays we find that experimental
data put strong constraints on these models. In particular, the world experimental average
of the branching ratio of the b → sγ rare decay is [35]

BR(b → sγ)exp = (3.55 ± 0.24+0.09
−0.10 ± 0.03) × 10−4, (39)

which agrees well with the Standard Model prediction [36]

BR(b → sγ)SM = (3.15 ± 0.23) × 10−4. (40)

Using the experimental and SM ranges for the b → sγ rare decay we find the 2σ allowed
range is

0.89 ≤ Rb→sγ =
BR(b → sγ)MSSM

BR(b → sγ)SM
≤ 1.36. (41)

For the Bu → τν rare decay the Belle experimental collaboration measures a branching
ratio of [37]

BR(Bu → τν)Belle = (1.79+0.56
−0.49(stat)+0.46

−0.51(syst)) × 10−4, (42)

while the Babar collaboration finds the preliminary value [38]

BR(Bu → τν)Babar = (1.20 ± 0.54) × 10−4. (43)

The average of these two experiments is then [39]

BR(Bu → τν)Exp = (1.41 ± 0.43) × 10−4. (44)

Using fB = 189±27 MeV from LQCD [39] and the average value of |Vub| = (3.98±0.45)×10−4

from HFAG [40], the Standard Model prediction is

BR(Bu → τν) = (1.09 ± 0.40) × 10−4 (45)

Assuming at most a 2σ deviation from new physics, we find the allowed range

0.07 ≤ RBτν =
BR(Bu → τν)MSSM

BR(Bu → τν)SM
≤ 2.51. (46)

For the Rl23 constraint in Eq. (20), Ref. [28] finds that

0.990 ≤ Rl23 ≤ 1.018 (47)
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BR(Bs → µ+µ−)

Cancellations between Diagrams contributing to

In models in which supersymmetry breaking is transmitted at high energies, 
even starting from universal masses, the Yukawa evolution of parameters 
induces flavor violation couplings in the left-handed gluino currents

These are known to have small effects on                                     , but     
may induce important contributions to 

Essentially, what happens is that the stop mixing dependence to the 
diagrams contributing to                                 is replaced by                                 

  A delicate cancellation may occur between these contributions

In addition,  dark matter searches start to constraint the parameter space 
with small values of the CP-odd Higgs mass and large values of 

Bu → τν + b→ sγ

BR(Bs → µ+µ−)

BR(Bs → µ+µ−)

tanβ

XRL ∝
(
Eth2

t + Eg,3 − Eg,(1,2)

)
tan2 β(

1 + Eg,(1,2) tanβ
)
(1 + ∆b) Dedes and Pilaftsis’03
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Figure 4: Plot of Xt versus µ, where MA = 200 GeV, tan β = 55, sign(Xt) negative,
M3 = 800 GeV. The green (grey) hatched region is allowed by the Bu → τν, b → sγ and
Bu → µ+µ− constraints for M ∼ MSUSY while the yellow (light grey) region is allowed by
the same constraints for the M # MGUT scenario. The region below the horizontal red (dark
grey) lines has been probed by the CDMS direct dark matter detection experiment assuming
that the LSP is mainly bino and |M1| = 2|M2|. The solid (dashed) line corresponds to a
Wino mass parameter M2 = 200 (500) GeV.

grey) region is allowed by the same constraints for M # MGUT scenario. The Bu → τν
constraint does not depend on the parameter Xt and therefore the constraint in Eq. (46)
selects a horizontal band in the Xt − µ plane. The regions below the solid and dashed red
(dark grey) lines is excluded by CDMS, for M2 = 200 GeV and M2 = 500 GeV, respectively.

In Fig. 3, for MA = 110 GeV and tan β = 40, The extra gluino contributions to the
b → sγ and, most relevantly, the Bs → µ+µ− rare decay rates, leads to a modification of
the preferred values of Xt. While the B-physics constraints lead to a preference for small
values of Xt in the M ∼ MSUSY scenario, moderate values of Xt ∼ −500 GeV are preferred
in the M ∼ MGUT case. Assuming that the LSP is the neutralino, which is natural in the
M ∼ MGUT scenario, the recent CDMS limits [13] are quite strong and exclude regions below
|µ| ∼ 900 GeV. Indeed, for these values of MA and tan β we observe that large to moderate
values of µ are preferred for both SUSY breaking scenarios.

Fig. 4 shows the situation for MA = 200 GeV and tan β = 55. Similar to Fig. 3 small
values of Xt are preferred in the M ∼ MSUSY scenario while moderate values of Xt ∼
−400 GeV are preferred in the M ∼ MGUT scenario. For these values of MA and tanβ,
the CDMS experimental bound is less stringent than in Fig. 3, restricting values below
|µ| ∼ 500 GeV in the M # MGUT scenario. Similar to Fig. 3, the Bs → µ+µ− constraint is
the main discriminant between the M = MGUT and M = MSUSY scenarios.

From Figs. 3-4 we can observe some generic features. Independent of the SUSY break-
ing scale, for these regions of parameter space, that can be probed at the Tevatron, one
obtains that Xt ∼< 0.5MSUSY . These low values of the stop-mixing parameter Xt imply
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B-Physics and Higgs Constraints on the Xt–µ plane

MA = 200 GeV tanβ = 55

Bs → µµ
Low Energy SUSY
Breaking

Bs → µµ
High Energy SUSY
Breaking

Bu → τν

Direct Dark
Matter detection

In general, for light Higgs 
bosons  and large tanbeta, 
small values of Xt 
preferred to avoid flavor 
physics bounds, leading to 
SM-like Higgs boson 
masses at the edge of the 
LEP limit

Third generation squarks at 
a common scale of 1.2 TeV



Direct DM experiments: CDMS, ZEPLIN, EDELWEISS, CRESST,WARP,…

sensitive mainly to spin-independent elastic scattering cross section (                    )

==> dominated by virtual exchange of H and h

•  tan!  enhanced couplings of H to strange,

             and to gluons via bottom loops  

� 

! SI "10
#8
pb

                       Direct Detection Dark Matter Experiments

••  Collider experiments can find evidence of DM through       signature

but no conclusive proof of the stability of a WIMP

••        Direct Detection Experiments can establish the existence of Dark Matter particles

E
T

WIMPs elastically scatter off nuclei in targets,

 producing nuclear recoils

R = N
i

i

!  "# $
i#

where in the last line we have neglected the differences between the proton and the neutron
mass and the fT factors are relatively similar. Assuming that the mass of the neutralino is
much larger than the nucleus we have mr ∼ mN ∼ Amp.

σSI ≈
4A2m2

p

π
A2f 2

p (8)

⇒
σSI

A4
≈

0.1g2
1g

2
2N

2
11N

2
13m

4
p tan2 β

4πm2
WM4

A

(9)

where σSI/A4 is the neutralino nucleon spin-independent cross-section.

2.2 B-physics Constraints and the scale of supersymmetry break-

ing

The FCNCs induced by loops of squarks depend on the flavor structure of the soft squark
mass parameters which is closely tied to the scale of supersymmetry breaking. Assuming
the squark masses are flavor independent at high energies, the only one-loop corrections that
violate flavor are due to the up and down Yukawa matrices because the gauge interactions
are flavor blind. The corrections to left-handed soft SUSY breaking mass parameter are
given by [14]

∆M2
Q̃
$ −

1

8π2

[

(

2m2
0 + M2

Hu
(0) + A2

0

)

Y †
u Yu +

(

2m2
0 + M2

Hd
(0) + A2

0

)

Y †
d Yd

]

log

(

M

MSUSY

)

,

(10)
where Q̃ denote the left-handed squarks, m0 is the common squark mass at the scale of
the messenger mass M at which supersymmetry breaking is transmitted to the observable
sector, M2

Hu,d
(0) and A0 are the Higgs soft supersymmetry breaking masses and squark-Higgs

trilinear mass parameters at that scale, and MSUSY is the characteristic low energy squark
mass scale. Similarly, the right-handed up and down squark mass matrices, receive one-loop
Yukawa-induced corrections proportional to

∆M2
ũR

= −
2

8π2

(

2m2
0 + M2

Hu
(0) + A2

0

)

YuY
†
u log

(

M

MSUSY

)

, (11)

and

∆M2
d̃R

= −
2

8π2

(

2m2
0 + M2

Hd
(0) + A2

0

)

YdY
†
d log

(

M

MSUSY

)

, (12)

respectively. Hence the corrections to the right-handed soft mass parameters are diagonal
in the quark basis, but the left-handed soft mass parameters of the down squarks pick up
off-diagonal contributions proportional to the CKM matrix elements. The size of these
corrections depend on the scale M at which SUSY breaking is communicated to the visible
sector. If M is on the order of MSUSY then these corrections are small and if M $ MGUT

then these corrections can be substantial. In this section we consider the effect of these two
scenarios on three B-physics processes b → sγ, Bu → τν and Bs → µ+µ−.
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B-Physics and Higgs Constraints on the MA–tanβ plane
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Figure 5: Plot of MA versus tan β, where Xt = −400 GeV, µ = 800 GeV and M3 = 800 GeV.
The green (grey) hatched region is allowed by the Bu → τν, b → sγ and Bu → µ+µ−

constraints for M ∼ MSUSY while the yellow (light grey) region is allowed by the same
constraints for the M $ MGUT scenario. The region above the red (dark grey) lines has
been probed by the CDMS direct dark matter detection experiment assuming that the LSP
is mainly bino and |M1| = 2|M2|. The blue-green region is excluded by Non-standard Higgs
boson searches in the inclusive ττ channel at 1.8fb−1.

an upper bound on the lightest CP-even Higgs boson mass, mh ∼< 120 GeV and there-
fore could be within the reach of the Tevatron collider. As we had previously empha-
sized the regions close to (MA, tanβ) = (110 GeV, 40) and (200 GeV, 55) are yet to be
probed at the Tevatron in H/A → ττ searches at 1.8 fb−1. Using Figs. 3 and 4 we see
that the region of parameter space around (MA, tan β, Xt, µ) ∼ (110 GeV, 40, 0, 1 TeV) and
(MA, tan β, Xt, µ) ∼ (200 GeV, 55, 0, 1 TeV) satisfies all the constraints in the M ∼ MSUSY

scenario. In addition, from Fig. 4, we also find that the region of parameter space close
to (MA, tan β, Xt, µ) ∼ (200 GeV, 55,−400 GeV, 800 GeV) satisfies all constraints for M ∼
MGUT . As the constraints from B-physics, Higgs physics and direct dark matter searches get
stronger this kind of analysis could help us identify regions of parameter space that would
still be compatible with all experimental limits.

In Fig. 5 we consider the µ = 800 GeV and Xt = −400 GeV parametric scenario.
The region above the solid and dashed red (dark grey) lines has been probed by CDMS in
direct dark matter detection experiments, for a Wino mass parameter M2 = 200 GeV and
M2 = 500 GeV respectively. The blue-green (medium grey) region is excluded by CDF and
D0 in non-standard Higgs boson searches in the ττ channel at 1.8 fb−1. The green (grey)
hatched region is allowed by the experimental constraints on the b → sγ, Bs → µ+µ− and
Bu → τν rare B decays for M ∼ MSUSY while the yellow (light grey) region corresponds
to the same constraints for the M $ MGUT scenario. In this parametric scenario, with
µXt < 0 and µM3 > 0 and the different b → sγ contributions tend to cancel against
each other. The chargino-stop approximately cancels the charged Higgs contribution in
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B-Physics and Higgs Constraints on the MA–tanβ plane

Xt = 0 µ = MSUSY M3 = 0.8 MSUSY
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Figure 6: Plot of MA versus tan(β), for Xt = 0, µ = 1000 GeV and M3 = 800 GeV. The
green (grey) hatched region is allowed by the Bu → τν, b → sγ and Bu → µ+µ− constraints
for M ∼ MSUSY while the yellow (light grey) region is allowed by the same constraints for
the M # MGUT scenario. The region above the red (dark grey) lines has been probed by the
CDMS direct dark matter detection experiment assuming that the LSP is mainly bino and
|M1| = 2|M2|. The blue-green region is excluded by Non-standard Higgs boson searches in
the inclusive ττ channel at 1.8fb−1.

4 Conclusion

In this article we have studied the effect of varying the messenger scale on B physics observ-
ables within Minimal Flavor Violating supersymmetric models. In particular we found that
the b → sγ and Bs → µ+µ− rare decays are sensitive to the scale M at which supersymmetry
breaking is communicated to the visible sector. Considering the effects of the RG evolution
which amounts to an alignment of the left-handed squark masses with the up Yukawa cou-
plings, with uniform right-handed down squark soft masses and also uniform left-handed
down squark masses of the first two generations, we have derived an analytic expression for
the gluino contribution to the b → sγ rare decay. We find that the gluino contribution is
proportional to the splitting between the third generation left-handed down squark mass
and that of the first two generations. The relative sign of the gluino contribution to that
of charged Higgs depends on the sign of µM3. Hence in the case of the messenger scale
M ∼ MGUT , when the splitting in the left-handed squark masses is non-zero, this contri-
bution can be significant. In addition we also show the dependence of the dominant SUSY
penguin contributions to the Bs → µ+µ− rare decay on the scale M .

We have also studied the interplay between the B-physics constraints, dark matter direct
detection experiments and non-standard Higgs boson searches at the Tevatron. For large
soft squark masses, the spin-independent neutralino nucleon cross-section is proportional to
tan2 β/M4

A and hence direct detection experiments put strong constraints on regions of low
MA (MA

<
∼ 200 GeV) and large tan β. In particular, we have projected the CDMS direct
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Higgs and Dark Matter Searches

Tevatron Higgs searches with                are sensitive to values                          
of                order 30 and         of about 250 GeV

CDMS and XENON experiments will improve their dark matter 
searches sensitiviy by a factor 3 to an order of magnitude by the 
end of this year

It is therefore expected that relevant information may be obtained 
from these experiments in the near future

For instance, if any of those experiments would see a signature, 
then in the assumption of MFV one would obtain relevant 
information on the parameters in the Higgs sector and, possibly, on 
the scale of supersymmetry breaking !

4–8 fb−1

tanβ mA
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Conclusions
MSSM Higgs sector includes two Higgs doublets, with flavor conserving 
couplings at tree-level. In MFV SUSY models, loop corrections spoil this 
property and introduce interesting phenomenological consequences for 
Higgs searches and also for flavor violating process

In particular, we have shown that the non-observation of the rare  
process                                 at the Tevatron imposes strong constraints     
on the parameter space to be probed by the Tevatron in Higgs searches

Best prospects are for small values of       , for which the SM-like Higgs 
boson becomes also light, or moderate values of      , when cancellations 
between stop and gluino induced FV diagrams may occur.

Dark Matter searches would put further constraints scenarios of light 
Higgs spectrum and large           . Complementarity of Higgs searches, 
flavor physics and dark matter searches can provide relevant information 
on Higgs parameters as well as, possibly, the scale of SUSY breaking.    

BR(Bs → µ+µ−)

tanβ

Xt
Xt
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Figure 9: The dashed(dotted) line is the BR(Bs → µ+µ−) experimental bound in the
MA − tan β plane for µ = −200(−100) GeV and the yellow (light grey) and blue (dark grey)
bands are the b → sγ allowed regions for µ = −200 GeV and −100 GeV, respectively, in the
uniform squark limit with MSUSY = 1 TeV, |M3| = 0.8 TeV, and 2M1 = M2 = 110 GeV.
The red (grey) line is the projected CDF limit on H → ττ for 1fb−1 luminosity. Larger
luminosities would probe larger MA and smaller tanβ. Also changing µ from −200 GeV to
−100 GeV does not affect the CDF limit significantly. Figures (a),(c) and (e) have different
values of Xt = At − µ/ tanβ for arg(M3) = 0 while (b), (d) and (f) have a arg(M3) = π
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Figure 9: The dashed(dotted) line is the BR(Bs → µ+µ−) experimental bound in the
MA − tan β plane for µ = −200(−100) GeV and the yellow (light grey) and blue (dark grey)
bands are the b → sγ allowed regions for µ = −200 GeV and −100 GeV, respectively, in the
uniform squark limit with MSUSY = 1 TeV, |M3| = 0.8 TeV, and 2M1 = M2 = 110 GeV.
The red (grey) line is the projected CDF limit on H → ττ for 1fb−1 luminosity. Larger
luminosities would probe larger MA and smaller tanβ. Also changing µ from −200 GeV to
−100 GeV does not affect the CDF limit significantly. Figures (a),(c) and (e) have different
values of Xt = At − µ/ tanβ for arg(M3) = 0 while (b), (d) and (f) have a arg(M3) = π
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Figure 3: (a)–(d) The lines and the colors correspond to the same quantities as in Fig. (2),
where the SUSY parameters are the same except for Xt = 1 TeV.

LHCb with only a few fb−1 of data [35]. As the B-physics allowed region corresponds to
large values of MA and small values of tanβ, the SM contribution to the amplitude of the
Bu → τν process is larger than the SUSY contribution to the same amplitude. The region
where the SUSY contribution to the amplitude of the Bu → τν process is larger than the
SM contribution is excluded by the present bounds on the Bs → µ+µ− branching ratio in
Eq. (19).

As we found in Ref. [20] the maximal mixing scenario is strongly constrained by B-
physics and the addition of the Bu → τν limit makes these constraints even stronger. For
these values of SUSY parameters B-physics constraints prefer low to moderate values of
tan β. In addition the Tevatron will find it difficult to discover a non-standard Higgs boson
for this scenario. Moreover, the LHC at a luminosity of 30 fb−1 will only be able to probe a
very small portion of the B-physics allowed parameter space in the A/H → ττ channel.

In Fig. 2 (b and c) we show the parts of the MA − tanβ that can be probed in Standard
Model Higgs searches at the CMS and ATLAS experiments, respectively. The yellow (light
gray) regions are those that can be probed in h → γγ channel while the green (dark gray)
hatched regions can be probed in h → ττ channel with a luminosity of 30 fb−1 at 5 σ.
Present available studies with the ATLAS detector show that it will be able to probe all of
the B-physics allowed region. According to the new analysis shown in Ref. [27], the CMS
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Figure 4: (a)–(d) The lines and the colors correspond to the same quantities as in Fig. (2),
where the SUSY parameters are the same except for Xt = 0 GeV, µ = 1.5 MSUSY and
MSUSY = 2 TeV. The blue (dark grey) solid line corresponds to the regions excluded by the
LEP bound on the SM-like Higgs boson for mt = 170.9 GeV.
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