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• Notation and conventions

• Bounds on flavor structure of the MSSM

• Single Charged-Higgs production

• Charged-Higgs + Jet production

Content
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MSSM

• Minimal particle content
• Minimal gauge group

 Cancellation of chiral 
   anomaly among fermions

Two oppositely charged
Higgsinos 

∆Sνl = 0.00 (20)

∆Tνl = 0.05 (21)

mt = 170.9 GeV (22)

mH = 115GeV (23)
V (Φ) = −λv2(Φ†Φ) + λ(Φ†Φ)2 (24)

uL ≡ V uΨUL , dL ≡ V dΨDL , uR ≡ UuΨU , dR ≡ UdΨD, (25)

ũL = V uŨL, d̃L = V dD̃L, ũR = UuŨ , d̃R = UdD̃

V ≡ V uV d† (26)

m2
D̃L

= V dm2
Q̃

V d† (27)

m2
ŨL

= V um2
Q̃

V u† (28)

m2
ŨL

= V · m2
D̃L

· V † (29)

(
m2

ŨL ij
+

(
m2

ui
+ (T u

3 − Qu sin2 θw)m2
Z cos 2β

)
δij

〈
H0

u

〉
Au

ij − muiµ cotβ δij

d m2
ŨR ij

+
(
m2

ui
+ Qu sin2 θwm2

Z cos 2β
)
δij

)

(30)
〈
H0

u

〉
=

vu√
2

(31)

〈
H0

d

〉
=

vd√
2

(32)

tanβ =
vu

vd
(33)

W = QiY
u
ijUjHu − QiY

d
ijDjHd + µHuHd (34)

Superfields SU(3)C SU(2)L U(1)Y Particle content
Q̂ 3 2 1

3 (uL, dL), (ũL, d̃L)
Û c 3̄ 1 − 4

3 ūR, ũ∗
R

D̂c 3̄ 1 2
3 d̄R,d̃∗R

L̂ 1 2 −1 (νL, eL), (ν̃L, ẽL)
Êc 1 1 2 ēR, ẽ∗R
Ĥ1 1 2 −1 H1,H̃1

Ĥ2 1 2 1 H2,H̃2

(35)

Superfields SU(3)C SU(2)L U(1)Y Particle content
Ĝa 8 1 0 Gµ

a , G̃a

Ŵa 1 3 0 Wµ
a , W̃a

B̂ 1 1 0 Bµ,B̃

(36)

3

Charginos and Neutralinos 
after mixing of Winos, Bino 

and Higgsinos
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Ĥ2 1 2 1 H2,H̃2

(35)

Superfields SU(3)C SU(2)L U(1)Y Particle content
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Ĥu 1 2 1 Hu,H̃u

(35)

3

Superpotential:

∆Sνl = 0.00 (20)

∆Tνl = 0.05 (21)

mt = 170.9 GeV (22)

mH = 115GeV (23)

V (Φ) = −λv2(Φ†Φ) + λ(Φ†Φ)2 (24)

uL ≡ V uΨUL , dL ≡ V dΨDL , uR ≡ UuΨU , dR ≡ UdΨD, (25)
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Êc 1 1 2 ēR, ẽ∗R
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Superfields SU(3)C SU(2)L U(1)Y Particle content
Ĝa 8 1 0 Gµ

a , G̃a

Ŵa 1 3 0 Wµ
a , W̃a

B̂ 1 1 0 Bµ,B̃

(36)

Vtree = VF + VD (37)

VF =
∑

i

∣∣W i
∣∣2 (38)

W i = ∂W/∂Si (39)

VD =
1
2

3∑

a=1

(
∑

i

gaS∗
i T aSi

)2

(40)

Lsoft = −ũ∗
Rim

2
ŨRij

ũRj − d̃∗Rim
2
D̃Rij

d̃Rj − ũ∗
Lim

2
ŨLij

ũLj − d̃∗Lim
2
D̃Lij

d̃Lj

−
[
ũLiA

u
ij ũ

∗
RjH

0
u − d̃LiVkiA

u
kj ũ

∗
RjH

+
u − ũLiV

∗
ikAd

kj d̃
∗
RjH

−
d + d̃LiA

d
ij d̃

∗
RjH

0
d + h.c.

]

4

SUSY has to be broken

No need to assume specific 
breaking scenario

Explicit breaking 
by soft terms

Large number of 
free parameters 

induced

Relevant soft-breaking Lagrangian:

In super-CKM basis squarks undergo same rotation as quarks:
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SU(2) relation
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Minimal flavor violation [D‘Ambrosio et al, 2002]

Basic principle of MFV:

The Yukawa couplings are the only 
sources of flavor and CP violation

Motivation of MFV:

• Success of SM predictions in FCNC processes
• Reduction of free parameters
• Phenomenologically more predictive
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Rim

2
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Lim

2
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Lim

2
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Resulting Squark 
mass matrices in 
MFV and NMFV

(to good 
approximation)
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mH+ tanβ σ2HDM σ(ms=0)
2HDM σMFV σ(ms=0)

MFV σ
(mq=0)
MFV

187 GeV 3 2.1 · 10−1 7.5 · 10−2 1.4 · 10−1 1.9 · 10−1 6.7 · 10−4

187 GeV 7 7.8 · 10−1 4.8 · 10−1 5.3 · 10−1 5.7 · 10−1 1.5 · 10−4

400 GeV 3 3.3 · 10−2 1.3 · 10−2 2.6 · 10−2 3.0 · 10−2 4.2 · 10−4

400 GeV 7 1.3 · 10−1 7.3 · 10−2 8.8 · 10−2 1.1 · 10−1 9.1 · 10−5

mH+ tanβ σSUSY σ(ms=0)
SUSY σ

(mq=0)
SUSY

188 GeV 3 9.9 9.7 8.4
188 GeV 7 3.1 3.1 1.8
400 GeV 3 1.5 1.5 1.4
400 GeV 7 0.47 0.46 0.032

tanβ = 7 mA = 170 GeV µ = −300 GeV
mdiag = 600 GeV mg̃ = 500 GeV

Au,c = 0 Ad,s,b = 0 At = 1400 GeV

⇒ mh0 = 119 GeV (at 2 Loop) mH+ = 188GeV (at Tree − Level)

• 0.63 · 10−6 < BR(B → ργ) < 1.24 · 10−6

• 2.94 · 10−4 < BR(B → Xsγ) < 4.14 · 10−4

• Bs − Bs̄ : 0.56 < ∆ms
∆mSM

s
< 1.44

• Bd − Bd̄ : 0.46 < ∆md
∆mSM

d
< 1.54

• 2.8 · 10−6 < BR(B → Xsll) < 6.2 · 10−6

• BR(B → πll) < 9.1 · 10−8

δu
LR,31 = 0.5 (49)

mbVcb ∼ msVcs (50)

pT,j ≥ 100 GeV (51)

σ(pp → W+ + Jet) ≈ 1.1 nb (52)

σ(pp → H+ + Jet) ≈ 1.1 nb (53)

Mass Matrices Interactions

mass eigenstate MIδIJ

q̃J
qI

g̃ ∼ ZIJ exact calc.

flavor eigenstate MIJ

q̃J
qI

g̃ ∼ δIJ perturb. diag.
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ũ1
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ũ2

)

6

M =




M2

11 ∆LL,12 . . .
∆LL,21 M2

22 . . .
...

...
. . .



 ! m̃21 +




0 δLL,12 . . .

δLL,21 0 . . .
...

...
. . .





7

= +
q̃i q̃jq̃i

Zia
Z†

aj

q̃a

+ ....

Mass Insertion Approximation

In general the squark mass 
matrix has to be diagonalized

Two ‘approximately equivalent‘ pictures:

Mass Matrix Interaction

For MIA 

M =




M2

11 ∆LL,12 . . .
∆LL,21 M2

22 . . .
...

...
. . .



 ! m̃21 +




0 δLL,12 . . .

δLL,21 0 . . .
...

...
. . .





ρ−parameter, δMW , δ sin2 θeff (54)

δAB,ij = ∆AB,ij/m̃2 (55)
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. . .
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δAB,ij = ∆AB,ij/m̃2 (55)

M2
ii ≈ m̃2 (56)

7

has to be small and 
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Constraints on parameter space

• Flavor bounds
• Kaon decays
•          mixing
•              and
•              and

• Quark mass: If A-Terms not prop to Yukawas, chiral limit is broken

• Vacuum stability constraints

• Electroweak precision data:

• SU(2) relation

• Experimental constraints (Tevatron squark searches)

[Casas, Dimopoulos 1996]

M =
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...

...
. . .
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...
. . .





ρ−parameter, δMW , δ sin2 θeff (54)
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L
H±q̃q̃′ ! g
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−mW√

2
sin 2β +

m2
d tanβ + m2

u cotβ√
2mW

]
d̃†LũLH−

+
[

g√
2mW

(〈H0
1 〉Ad tanβ − mdµ)

]
d̃†RũLH−

+
[

g√
2mW

(〈H0
2 〉Au cotβ − muµ)

]
d̃†LũRH−
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m2
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]
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tanβ (41)

tanβ < 10 (42)

mq → 0 (43)

Bd − Bd̄ (44)

Bs − Bs̄ (45)

B → Xsll (46)
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Charged Higgs production 
in the flavored MSSM

Charged Higgs is a clear signal for ‘New 
Physics‘

but difficult to find: no             interaction 
at tree-level 

Search strategy: Couple it to a bottom 
quark in the large           regime

Left with hole for 
[Assamagan, Coadou 2002]

Can charged Higgs production for small          be enhanced in NMFV?

Production in association with heavy 
quarks or Yukawa-coupling suppressed
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d̃†LũRH−

L
H±q̃q̃′ ! g

[
−mW√

2
sin 2β +

m2
d tanβ + m2

u cotβ√
2mW

]
d̃†LũLH−
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d̃†LũLH−

+
[

g√
2mW

(〈H0
1 〉Ad tanβ − mdµ)

]
d̃†RũLH−
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Single charged Higgs production in NMFV
Mu

nmfv =
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]
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5
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nmfv =





(
M2

u

)u

LL
∆u

LL,12 ∆u
LL,13 ∆u

LR,11 ∆u
LR,12 ∆u

LR,13(
M2

u

)c

LL
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RR,13

h.c.
(
M2

u

)c

RR
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mq → 0 (42)

5

u

d̄

W+

u

d̄

H+

M =




M2

11 ∆LL,12 . . .
∆LL,21 M2

22 . . .
...

...
. . .



 ! m̃21 +




0 δLL,12 . . .

δLL,21 0 . . .
...

...
. . .





ρ−parameter, δMW , δ sin2 θeff (54)

δAB,ij = ∆AB,ij/m̃2 (55)

M2
ii ≈ m̃2 (56)

B − B̄ (57)

B → Xsγ (58)

B → ργ (59)

H±W∓Z (60)

CH+

CW+
=

mdtanβ

mW
≈ 10−4 (61)

7

• Direct production without phase-space suppression
• But what about the background?

• In MFV all contributions suppressed by small Yukawa-couplings

• NMFV circumvents Yukawa-coupling suppression - especially for small

In amplitude strictly zero
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∆u

LL,23 ∆u
LR,21 ∆u
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LR,23(

M2
u

)t

LL
∆u

LR,31 ∆u
LR,32 ∆u
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• Kaon physics
•              and              mixing
•              and 
•              and
• Corrections to quark masses
•                     - exp. constraint
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mq → 0 (43)
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d̃†LũLH−

+
[

g√
2mW

(〈H0
1 〉Ad tanβ − mdµ)

]
d̃†RũLH−
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Bd − Bd̄ (44)
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B → Xsll (46)
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5

Results from last two parts:

No severe bounds for the production of a charged Higgs! 

Green entries give main 
contributions to Charged Higgs 

production

Red entries severely constrained by:

M =




M2

11 ∆LL,12 . . .
∆LL,21 M2

22 . . .
...

...
. . .



 ! m̃21 +




0 δLL,12 . . .

δLL,21 0 . . .
...

...
. . .





ρ−parameter, δMW , δ sin2 θeff (54)

δAB,ij = ∆AB,ij/m̃2 (55)

M2
ii ≈ m̃2 (56)

B − B̄ (57)

B → Xsγ (58)

B → ργ (59)
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M =




M2

11 ∆LL,12 . . .
∆LL,21 M2

22 . . .
...

...
. . .



 ! m̃21 +




0 δLL,12 . . .

δLL,21 0 . . .
...

...
. . .





ρ−parameter, δMW , δ sin2 θeff (54)

δAB,ij = ∆AB,ij/m̃2 (55)

M2
ii ≈ m̃2 (56)

B − B̄ (57)

B → Xsγ (58)

B → ργ (59)

7
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tanβ = 7 mA = 170 GeV µ = −300 GeV
mdiag = 600 GeV mg̃ = 500 GeV

Au,c = 0 Ad,s,b = 0 At = 1400 GeV

⇒ mh0 = 119 GeV (at 2 Loop) mH+ = 188 GeV (at Tree− Level)

6

tanβ = 7 mA = 170 GeV µ = −300 GeV
mdiag = 600 GeV mg̃ = 500 GeV

Au,c = 0 Ad,s,b = 0 At = 1400 GeV

⇒ mh0 = 119 GeV (at 2 Loop) mH+ = 188GeV (at Tree − Level)

• 0.63 · 10−6 < BR(B → ργ) < 1.24 · 10−6

• 2.94 · 10−4 < BR(B → Xsγ) < 4.14 · 10−4

• Bs − Bs̄ : 0.56 < ∆ms
∆mSM

s
< 1.44

• Bd − Bd̄ : 0.46 < ∆md
∆mSM

d
< 1.54

• 2.8 · 10−6 < BR(B → Xsll) < 6.2 · 10−6

• BR(B → πll) < 9.1 · 10−8

6

Working 
assumptions:

• All soft-breaking parameters are real
• Just flavor violation in up-squark sector

Parameter point:

Flavor 
bounds at 
90 % C.L.
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Points outside rainbow-
coded area forbidden:

• Blue:  Violates radiative and  
semileptonic decays

• Green: Violates rad. and semilep. 
decays and exp. squark mass bounds

• Grey:  Negative squark mass square

• Orange:  Violates BB-Mixing 
bounds and rad. and semilep. decays

• Black:  Violates BB-Mixing 
bounds, rad. and semilep. decays 
and exp. squark mass bounds
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Points outside rainbow-
coded area forbidden:

• Blue:  Violates radiative and  
semileptonic decays

• Green: Violates rad. and semilep. 
decays and exp. squark mass bounds

• Grey:  Negative squark mass square

• Yellow:  Violates exp. squark mass 
bounds
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• Flavor-mixing can strongly 
enhance charged Higgs 
production cross-section

• Tree-Level value for hadronic 
cross-section with     

• Unfortunately,

M =




M2

11 ∆LL,12 . . .
∆LL,21 M2

22 . . .
...

...
. . .



 ! m̃21 +




0 δLL,12 . . .
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...
. . .





ρ−parameter, δMW , δ sin2 θeff (54)

δAB,ij = ∆AB,ij/m̃2 (55)

M2
ii ≈ m̃2 (56)

B − B̄ (57)

B → Xsγ (58)

B → ργ (59)

H±W∓Z (60)

CH+

CW+
=

mdtanβ

mW
≈ 10−4 (61)

MH+ = 188GeV : (62)

σtree(pp → H+ + X) = 41fb (63)
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ρ−parameter, δMW , δ sin2 θeff (54)

δAB,ij = ∆AB,ij/m̃2 (55)

M2
ii ≈ m̃2 (56)

B − B̄ (57)

B → Xsγ (58)

B → ργ (59)

H±W∓Z (60)

CH+

CW+
=

mdtanβ

mW
≈ 10−4 (61)

MH+ = 188GeV : (62)

σtree(pp → H+ + X) = 41fb (63)

σ(pp → W+ + X) ≈ 90nb (64)

7

• Largest contribution from 

mH+ tanβ σ2HDM σ(ms=0)
2HDM σMFV σ(ms=0)

MFV σ
(mq=0)
MFV

187 GeV 3 2.1 · 10−1 7.5 · 10−2 1.4 · 10−1 1.9 · 10−1 6.7 · 10−4

187 GeV 7 7.8 · 10−1 4.8 · 10−1 5.3 · 10−1 5.7 · 10−1 1.5 · 10−4

400 GeV 3 3.3 · 10−2 1.3 · 10−2 2.6 · 10−2 3.0 · 10−2 4.2 · 10−4

400 GeV 7 1.3 · 10−1 7.3 · 10−2 8.8 · 10−2 1.1 · 10−1 9.1 · 10−5

mH+ tanβ σSUSY σ(ms=0)
SUSY σ

(mq=0)
SUSY

188 GeV 3 9.9 9.7 8.4
188 GeV 7 3.1 3.1 1.8
400 GeV 3 1.5 1.5 1.4
400 GeV 7 0.47 0.46 0.032

tanβ = 7 mA = 170 GeV µ = −300 GeV
mdiag = 600 GeV mg̃ = 500 GeV

Au,c = 0 Ad,s,b = 0 At = 1400 GeV

⇒ mh0 = 119 GeV (at 2 Loop) mH+ = 188GeV (at Tree − Level)

• 0.63 · 10−6 < BR(B → ργ) < 1.24 · 10−6

• 2.94 · 10−4 < BR(B → Xsγ) < 4.14 · 10−4

• Bs − Bs̄ : 0.56 < ∆ms
∆mSM

s
< 1.44

• Bd − Bd̄ : 0.46 < ∆md
∆mSM

d
< 1.54

• 2.8 · 10−6 < BR(B → Xsll) < 6.2 · 10−6

• BR(B → πll) < 9.1 · 10−8

δu
LR,31 = 0.5 (49)

mbVcb ∼ msVcs (50)

pT,j ≥ 100 GeV (51)

σ(pp → W+ + Jet) ≈ 1.1 nb (52)

σ(pp → H+ + Jet) ≈ 1.1 nb (53)

Mass Matrices Interactions

mass eigenstate MIδIJ

q̃J
qI

g̃ ∼ ZIJ exact calc.

flavor eigenstate MIJ

q̃J
qI

g̃ ∼ δIJ perturb. diag.

ZuMuZu† = diag(m2
ũ1

, m2
ũ2

)

6

bad signal to background 
ratio
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ũ
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6

Just D-Term contribution neglectable due to decoupling with

• Even with             (just D-Terms) and MFV cross-
section is finite

• We require a hard jet to handle 
collinear divergencies

• Background is large:

Result for MFV with

Considered process: 

Mu
nmfv =





(
M2

u

)u

LL
∆u

LL,12 ∆u
LL,13 ∆u

LR,11 ∆u
LR,12 ∆u

LR,13(
M2

u
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LR,21 ∆u
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M2
u
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u
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(
M2
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u
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L
H±q̃q̃′ ! g

[
−mW√

2
sin 2β +

m2
d tanβ + m2

u cotβ√
2mW

]
d̃†LũLH−

+
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g√
2mW

(〈H0
1 〉Ad tanβ − mdµ)

]
d̃†RũLH−

+
[

g√
2mW

(〈H0
2 〉Au cotβ − muµ)

]
d̃†LũRH−

L
H±q̃q̃′ ! g
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2
sin 2β +

m2
d tanβ + m2

u cotβ√
2mW

]
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+
[

g√
2mW

(〈H0
1 〉Ad tanβ − mdµ)

]
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+
[
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2mW

(〈H0
2 〉Au cotβ − muµ)

]
d̃†LũRH−

tanβ (41)

mq → 0 (42)

5

Mu
nmfv =





(
M2

u

)u

LL
∆u

LL,12 ∆u
LL,13 ∆u

LR,11 ∆u
LR,12 ∆u

LR,13(
M2

u

)c

LL
∆u

LL,23 ∆u
LR,21 ∆u

LR,22 ∆u
LR,23(

M2
u

)t

LL
∆u

LR,31 ∆u
LR,32 ∆u

LR,33(
M2

u

)u

RR
∆u

RR,12 ∆u
RR,13

h.c.
(
M2

u

)c

RR
∆u

RR,23(
M2

u

)t

RR





L
H±q̃q̃′ ! g

[
−mW√

2
sin 2β +

m2
d tanβ + m2

u cotβ√
2mW

]
d̃†LũLH−
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d̃†LũRH−

tanβ (41)

mq → 0 (42)

5

• Just SUSY-QCD corrections - expected to cause 
largest enhancement

M =




M2

11 ∆LL,12 . . .
∆LL,21 M2

22 . . .
...

...
. . .



 ! m̃21 +




0 δLL,12 . . .

δLL,21 0 . . .
...

...
. . .





ρ−parameter, δMW , δ sin2 θeff (54)

δAB,ij = ∆AB,ij/m̃2 (55)

M2
ii ≈ m̃2 (56)

B − B̄ (57)

B → Xsγ (58)

B → ργ (59)

H±W∓Z (60)

CH+

CW+
=

mdtanβ

mW
≈ 10−4 (61)

MH+ = 188GeV : (62)

σtree(pp → H+ + X) = 41fb (63)

σ(pp → W+ + X) ≈ 90nb (64)

σSUSY (65)

A ∼ 1/M4
SUSY (66)

7
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mH+ tanβ σ2HDM σ(ms=0)
2HDM σMFV σ(ms=0)

MFV σ
(mq=0)
MFV

187 GeV 3 2.1 · 10−1 7.5 · 10−2 1.4 · 10−1 1.9 · 10−1 6.7 · 10−4

187 GeV 7 7.8 · 10−1 4.8 · 10−1 5.3 · 10−1 5.7 · 10−1 1.5 · 10−4

400 GeV 3 3.3 · 10−2 1.3 · 10−2 2.6 · 10−2 3.0 · 10−2 4.2 · 10−4

400 GeV 7 1.3 · 10−1 7.3 · 10−2 8.8 · 10−2 1.1 · 10−1 9.1 · 10−5

mH+ tanβ σSUSY σ(ms=0)
SUSY σ

(mq=0)
SUSY

188 GeV 3 9.9 9.7 8.4
188 GeV 7 3.1 3.1 1.8
400 GeV 3 1.5 1.5 1.4
400 GeV 7 0.47 0.46 0.032

tanβ = 7 mA = 170 GeV µ = −300 GeV
mdiag = 600 GeV mg̃ = 500 GeV

Au,c = 0 Ad,s,b = 0 At = 1400 GeV

⇒ mh0 = 119 GeV (at 2 Loop) mH+ = 188GeV (at Tree − Level)

• 0.63 · 10−6 < BR(B → ργ) < 1.24 · 10−6

• 2.94 · 10−4 < BR(B → Xsγ) < 4.14 · 10−4

• Bs − Bs̄ : 0.56 < ∆ms
∆mSM

s
< 1.44

• Bd − Bd̄ : 0.46 < ∆md
∆mSM

d
< 1.54

• 2.8 · 10−6 < BR(B → Xsll) < 6.2 · 10−6

• BR(B → πll) < 9.1 · 10−8
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•          corresponds to 

• Light-flavor and bottom Yukawa have roughly the same impact

• The D-Term couplings are numerically irrelevant

• NMFV can enhance cross-section by one order of magnitude for small 
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Results

Sven Heinemeyer  and  Michael Spannowsky               

16



1709/17/2008          Charged Higgs 2008        Uppsala                           

Conclusion

Two loop induced        production processes were studied in 
MFV and NMFV:

Can we detect a charged Higgs in these channels although 
Signal to Background is quite small?

If answer is ‘yes‘

• Viable process to detect a charged Higgs for small       

• It is possible to rule out the MFV assumption

• It is possible to constrain the free parameters            
and              which is not possible by flavor physics

Intersectional field of flavor and collider physics might give 
interesting results for LHC
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B − B̄ (57)
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B → ργ (59)
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CW+
=

mdtanβ

mW
≈ 10−4 (61)

MH+ = 188GeV : (62)

σtree(pp → H+ + X) = 41fb (63)

σ(pp → W+ + X) ≈ 90nb (64)

σSUSY (65)

A ∼ 1/M4
SUSY (66)

H+ (67)
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1 〉Ad tanβ − mdµ)

]
d̃†RũLH−

+
[

g√
2mW

(〈H0
2 〉Au cotβ − muµ)

]
d̃†LũRH−

tanβ (41)

tanβ < 10 (42)

mq → 0 (43)

Bd − Bd̄ (44)

Bs − Bs̄ (45)

B → Xsll (46)

B → πll (47)

mq̃i > 200 GeV (48)
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ρ−parameter, δMW , δ sin2 θeff (54)

δAB,ij = ∆AB,ij/m̃2 (55)

M2
ii ≈ m̃2 (56)

B − B̄ (57)

B → Xsγ (58)

B → ργ (59)

H±W∓Z (60)

CH+

CW+
=

mdtanβ

mW
≈ 10−4 (61)

MH+ = 188GeV : (62)

σtree(pp → H+ + X) = 41fb (63)

σ(pp → W+ + X) ≈ 90nb (64)

σSUSY (65)

A ∼ 1/M4
SUSY (66)

H+ (67)

Au
LR,3(1,2) (68)

Mu
RR,3(1,2) (69)
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