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Bs → µ+µ− B → K∗µ+µ− Status of new physics in rare B decays

Bs → µ+µ− in the SM

Heff = −4 GF√
2

e2

16π2
VtbV∗ts C10O10 + h.c.

O10 = (s̄LγµbL)(¯̀γµγ5`)
I Flavour-changing neutral current

I Loop suppresion
I CKM suppresion

I Bs is a pseudoscalar
I Helicity suppression, m2

µ/m2
B

I Only 1 operator – no γ penguin or
vector operator

⇒ One of the rarest B decays!
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Bs → µ+µ− B → K∗µ+µ− Status of new physics in rare B decays

History: search for Bs → µ+µ−
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I Hope for order-of-magnitude enhancement was disappointed

I Precision of SM prediction becomes crucial
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Bs → µ+µ− B → K∗µ+µ− Status of new physics in rare B decays

Computing the branching ratio
Schematically:

BR ∝ τBs |VtbV∗ts C10 〈µµ|O10|Bs〉|2

〈0|s̄γµγ5b|B̄s(p)〉 = ipµfBs

VtbV∗ts ⇐
γ

α

α

dm∆

K
ε

K
εsm∆ & dm∆

ντ →no B 
ubV

βsin 2
(excl. at CL > 0.95)
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Bs → µ+µ− B → K∗µ+µ− Status of new physics in rare B decays

Some subtle points

I Bremsstrahlung emission (soft final-state photons): to be taken care of by
experiment [Buras et al. 1208.0934]

I Direct emission of photons can be suppressed by appropriate invariant
mass cut and is then negligible [Buras et al. 1208.0934, Aditya et al. 1212.4166]

I Bs mesons oscillate & the 2 mass eigenstates have quite different width:
ys = ∆Γs/(2Γs) = (8 + 1)%

I Difference between the (flavour-averaged) BR at t = 0 and the (flavour
averaged) time-integrated BR [De Bruyn et al. 1204.1735]

BR =
1 +Aµµ∆Γys

1− y2
s

BR

I Aµµ∆Γ = 1 in the SM, potentially sensitive to NP [De Bruyn et al. 1204.1737]
I BRSM ≈ 1.09 BRSM
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Bs → µ+µ− B → K∗µ+µ− Status of new physics in rare B decays

Recent progress in the SM calculation

I fBs computed on the lattice to 2% precision [HPQCD, FLAG]

I NLO electroweak corrections to C10

Uncertainty in the BR: 7%→ 1% [Bobeth et al. 1311.1348]

I NNLO QCD corrections to C10

Uncertainty in the BR: 2%→ 0.2% [Hermann et al. 1311.1347]
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State of the art [Bobeth et al. 1311.0903]

BR(Bs → µ+µ−)SM = (3.65± 0.23)× 10−9

Mt

higher order ΤBs

ÈVtsÈ

fBs

cf.: BR(Bs → µ+µ−)LHCb+CMS = (2.9± 0.7)× 10−9
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Bs → µµ vs. Bd → µµ

I In the SM (and all models with Minimal Flavour Violation), BRs differ only
by CKM elements and overall factor

BR(Bs → µ+µ−)

BR(Bd → µ+µ−)
=
τBs f 2

Bs
mBs |Vts|2

τBd f 2
Bd

mBd |Vtd |2

BR(Bd → µ+µ−)SM = (1.06± 0.09)× 10−10

cf.: BR(Bd → µ+µ−)LHCb+CMS = (3.3+1.6
−1.4)× 10−10
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Bs → µ+µ− B → K∗µ+µ− Status of new physics in rare B decays

Bd → µ+µ− experiment vs. SM

]
10−

) [10−
µ+µ →

0
BB(

0 1 2 3 4 5 6 7

 preliminary
CMS+LHCb

1−
CMS 25fb

1−
LHCb 3fb

1−
CDF 10fb SM

I 2.4σ above 0, 1.6σ above SM. If NP: no MFV!
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Bs → µ+µ− B → K∗µ+µ− Status of new physics in rare B decays

Bs → µ+µ− beyond the SM

Heff = −4 GF√
2

e2

16π2
VtbV∗ts

∑
i

CiOi + C′i O
′
i + h.c.

O(′)
10 = (s̄γµPL(R)b)(¯̀γµγ5`)

O(′)
S =

mb

mBs

(s̄PR(L)b)(¯̀̀ )

O(′)
P =

mb

mBs

(s̄PR(L)b)(¯̀γ5`)

BR(Bs → µ+µ−) ∝
[
|S|2

(
1−

4m2
µ

m2
Bs

)
+ |P|2

]
S =

mBs

2
CS P =

mBs

2
CP + mµC10
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Higgs couplings in the MSSM: tree level

I At tree level, the MSSM is a type-II 2HDM

−LY = Y ij
u Hu q̄i

L uj
R + Y ij

d Hd q̄i
L d j

R + h.c.

mu = vuYu md = vd Yd

I Higgs couplings are diagonal in the mass basis.
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Higgs couplings in the MSSM: loop level
I At 1-loop level, non-holomorphic couplings are induced

I MSSM becomes a type-III 2HDM

−∆LY = εij
u H∗d q̄i

L uj
R + εij

d H∗u q̄i
L d j

R + h.c.

mu = vuYu + vdεu md = vd Yd + vuεd

I tanβ-enhanced correction to down-type masses and Higgs couplings

I Flavour-changing Higgs couplings in the mass basis

I s̄i
LbRH0 coupling ∝ tan2 β
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Bs → µ+µ− B → K∗µ+µ− Status of new physics in rare B decays

(Pseudo-)scalar operators in the MSSM

CS ≈ −CP ∝
tan3 β

M2
A

C′S ≈ C′P ∝
tan3 β

M2
A
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(Pseudo-)scalar operators in the MSSM with MFV
Even for a degenerate spectrum: Higgsino contribution

CH̃
S ∝

tanβ3

M2
A

Atµ

m2
t̃

fH̃

(
|µ|2
m2

t̃

)

I Constructive interference for sgn(µAt) = −1

I NB: in the CMSSM, At ≈ 0.8A0 − 2.2m1/2

I Subleading Wino and gluino contributions also in MFV
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(Pseudo-)scalar operators in the MSSM without MFV

CW̃
S ∝ (δLL

d )32
tanβ3

M2
A

M2µ

m2
t̃

fW̃

(
|µ|2
m2

t̃

,
|M2|2
m2

t̃

)

Cg̃
S ∝ −(δLL

d )32
tanβ3

M2
A

M3µ

m2
b̃

fg̃

(
|M3|2
m2

b̃

)

C′ g̃S ∝ −(δRR
d )32

tanβ3

M2
A

M3µ

m2
b̃

fg̃

(
|M3|2
m2

b̃

)

I (δLL
d )32 strongly constrained by b → sγ

I (δRR
d )32 constrained by b → sγ and ∆Ms
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Complementarity with Higgs searches
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[Altmannshofer et al. 1211.1976]

mq̃ = 2 TeV, 6M1 = 3M2 = M3 = 1.5 TeV
Scenario (a) (b) (c) (d) (e)
µ [TeV] 1 4 -1.5 1 -1.5
sign(At ) + + + - -

I Large tanβ + light Higgs
spectrum disfavoured

I Direct Higgs searches more
constraining for tanβ . 25

I Milder bounds for µAt > 0
(destructive interference with SM)
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Finally: C10 in SUSY

I Only way to get sizable C10 in SUSY: Z penguin with chargino loop

Z

I At most 25% effect in BR

I NB: C′10 negligible throughout parameter space
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Bs → µ+µ− B → K∗µ+µ− Status of new physics in rare B decays

Partial compositeness
I Solving the hierarchy problem without SUSY: the Higgs is composite

I Successful theory of flavour requires quarks to be partially composite

L ⊃ λLψ̄LOR + λRψ̄ROL

Related by AdS/CFT to models with a
warped extra dimension

u,d,c,s,bR tR,QL

0 5 10 15 20 25 30 35

UV IR

[A. Weiler]
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Bs → µ+µ− B → K∗µ+µ− Status of new physics in rare B decays

The two-site picture [Contino et al. hep-ph/0612180]

A simple 4D theory realizing the partial compositeness paradigm

elementary
sector

composite
sector

Ls = −Q̄L mQ QR − ŪL mU UR − D̄L mD DR

+Q̄LH YU UR + Q̄LH YD DR + h.c

Lmix = λL q̄LQR + λRu ŪLuR + λRd D̄LdR

qphys = cL q + sL Q
sL

cL
=

λL

mQ
mqphys = v√

2
Y sL sR etc.
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Z penguins from partial compositeness

After EWSB, composite-elementary mixing leads to correlated tree-level
contributions to flavour-changing Z couplings . . .

. . . and Z → bb̄

David Straub (Universe Cluster) 25
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Numerical analysis of Z penguins in 3 models

I Two choices for the fermion content (irreps of
SU(2)L × SU(2)R × U(1)X ) to protect T parameter and Z → bb̄

I (2, 2)2/3 + (2, 2)−1/3 + (1, 1)2/3 + (1, 1)−1/3 (“bidoublet model”)
I (2, 2)2/3 + (1, 3)2/3 + (3, 1)2/3 (“triplet model”)

I Two choices for the flavour structure
I flavour anarchy
I U(2)3 flavour symmetry

see [Barbieri et al. 1203.4218, Barbieri et al. 1211.5085, Straub 1302.4651] and ref. therein
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Pattern of flavour-changing Z couplings

I triplet model: PLR forbids g ij
L

I bidoublet model: PC forbids g ij
R

I U(2)3 forbids g ij
R

K Bd,s D

L R L R L R

ª
triplet C C C

bidoublet C C C

U(2)3
LC

triplet R

bidoublet R C R
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Bs → µµ vs. Bd → µµ

Partial compositeness:

triplet + anarchy
bidoublet + anarchy
bidoublet + U(2)3

[Straub 1302.4651]

I Experiments start to
probe interesting
region

I MFV-like correlation in
U(2)3
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Bs → µ+µ− B → K∗µ+µ− Status of new physics in rare B decays

B → K∗µ+µ−

I exclusive semi-leptonic decay probing the b → s transition

I 4-body decay: angular distribution with many observables sensitive to NP

I “self-tagging”: sensitive to CP violation
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Bs → µ+µ− B → K∗µ+µ− Status of new physics in rare B decays

B → K∗(→ Kπ)µ+µ− angular decay distribution

d4Γ

dq2 d cos θl d cos θK∗ dφ
=

9

32π
×{

Is
1 sin2 θK∗ + Ic

1 cos2 θK∗ + (Is
2 sin2 θK∗ + Ic

2 cos2 θK∗) cos 2θl

+ I3 sin2 θK∗ sin2 θl cos 2φ+ I4 sin 2θK∗ sin 2θl cosφ

+ I5 sin 2θK∗ sin θl cosφ+
(
Is
6 sin2 θK∗ + Ic

6 cos2 θK∗
)

cos θl

+ I7 sin 2θK∗ sin θl sinφ+ I8 sin 2θK∗ sin 2θl sinφ+ I9 sin2 θK∗ sin2 θl sin 2φ

}

I Full set of observables: 12 angular coefficient functions Ii(q2)

I Neglecting lepton mass, scalar/tensor operators: 9 independent Ii(q2)

I CP-conjugate decay: another 9 independent functions Īi(q2)
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d4Γ

dq2 d cos θl d cos θK∗ dφ
=

9

32π
×{

+ Is
2 sin2 θK∗(3 + cos 2θl)− Ic

2 2 cos2 θK∗ sin2 θl

+ I3 sin2 θK∗ sin2 θl cos 2φ+ I4 sin 2θK∗ sin 2θl cosφ

+ I5 sin 2θK∗ sin θl cosφ+ I6 sin2 θK∗ cos θl
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B → K∗(→ Kπ)µ+µ− angular decay distribution

d4Γ̄

dq2 d cos θl d cos θK∗ dφ
=

9

32π
×{

+ Īs
2 sin2 θK∗(3 + cos 2θl)− Īc

2 2 cos2 θK∗ sin2 θl

+ Ī3 sin2 θK∗ sin2 θl cos 2φ+ Ī4 sin 2θK∗ sin 2θl cosφ

− Ī5 sin 2θK∗ sin θl cosφ− Ī6 sin2 θK∗ cos θl

+ Ī7 sin 2θK∗ sin θl sinφ− Ī8 sin 2θK∗ sin 2θl sinφ− Ī9 sin2 θK∗ sin2 θl sin 2φ

}

I Full set of observables: 12 angular coefficient functions Ii(q2)

I Neglecting lepton mass, scalar/tensor operators: 9 independent Ii(q2)

I CP-conjugate decay: another 9 independent functions Īi(q2)
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Bs → µ+µ− B → K∗µ+µ− Status of new physics in rare B decays

Basis of observables

I consider sums and differences of Ii , Īi to separate CP violating and CP
conserving NP effects

I normalize to CP-averaged decay rate to reduce th. & exp. uncertainties

CP-averaged angular coefficients

S(a)
i (q2) =

(
I(a)
i (q2) + Ī(a)

i (q2)
)/d(Γ + Γ̄)

dq2

CP asymmetries

A(a)
i (q2) =

(
I(a)
i (q2)− Ī(a)

i (q2)
)/d(Γ + Γ̄)

dq2

[Kruger et al. hep-ph/9907386, Bobeth et al. 0805.2525, Altmannshofer et al. 0811.1214]
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Experimental status of angular observables

Observable NP-sensitive? measured
dBR/dq2 yes Belle, BaBar, CDF, LHCb, CMS

FL = −Sc
2 yes Belle, BaBar, CDF, LHCb, ATLAS, CMS

S3 yes CDF, LHCb
S4 yes LHCb
S5 yes LHCb

AFB = 3
4 S6 yes Belle, BaBar, CDF, LHCb, ATLAS, CMS
S7 no LHCb
S8 no LHCb
S9 no LHCb

ACP no CDF, LHCb
A3...8 7, 8 –

A9 yes CDF, LHCb

red = updated this year
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Kinematical regions

1

2

3

4

5

0
0 5 10 15 20

I low q2 . 6 GeV2: expansion in mK∗/EK∗

I intermediate q2 ∈ [6, 15] GeV2: cc̄ resonances, B → K ∗ψ(→ µ+µ−)

I high q2 & 15 GeV2: expansion in EK∗/
√

q2
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Alternative bases of observables

To reduce theory uncertainties related to form factors, one can change the

normalization of the S(a)
i and A(a)

i and find “optimized” observables for low or
high q2

Low q2

P′4 =
2 S4√

FL(1− FL)

P′5 =
S5√

FL(1− FL)

. . .

[Descotes-Genon et al. 1303.5794]

High q2

H(1)
T =

2 S4√
FL(1− FL − S3)

H(2)
T =

S5√
FL(1− FL + S3)

. . .

[Bobeth et al. 1006.5013]
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SM vs. data: FL [Altmannshofer and DS 1308.1501]
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SM vs. data: S4 [Altmannshofer and DS 1308.1501]
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SM vs. data: S5 [Altmannshofer and DS 1308.1501]
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Global analysis of b → s transitions

O(′)
7 =

mb

e
(s̄σµνPR(L)b)Fµν O(′)

9 = (s̄γµPL(R)b)(¯̀γµ`) O(′)
10 = (s̄γµPL(R)b)(¯̀γµγ5`)

I b → s operators contribute to many observables measured by B factories
and/or at LHC

I global analysis necessary

Decay C(′)
7 C(′)

9 C(′)
10

B → Xsγ X

B → K ∗γ X

B → Xsµ
+µ− X X X

B → Kµ+µ− X X X

B → K ∗µ+µ− X X X

Bs → µ+µ− X
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Fitting C7 and C9
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I Although the S5 and FL tensions could be solved with NP in C7 or C9 only,
this is strongly disfavoured by the bounds from BR(B → Xsγ) and
BR(B → Kµ+µ−), respectively
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Fitting C9 and C′9,10
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Fit results and ∆χ2

Scenario CNP
7 C′7 CNP

9 C′9 C′10 ∆χ2(SM)

(7) −0.07±0.04 3.4

(9) −0.8±0.3 4.3

(77′) −0.06±0.04 −0.1±0.1 4.7

(97) −0.05±0.04 −0.6±0.3 6.0

(97′) −0.1±0.1 −0.7±0.3 5.5

(99′) −1.0±0.3 +1.0±0.5 8.3

(910′) −1.0±0.3 −0.4±0.2 7.0

Real −0.03 −0.11 −0.9 +0.7 −0.2 10.8
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The “B → K∗µ+µ− anomaly”

I There is a tension in some angular observables B → K ∗µ+µ− that could
be due to new physics (or statistical fluctuation, or underestimated theory
errors)

I If due to NP, it requires a simultaneous contribution to the Wilson
coefficients C9 and C′9 in order not to violate constraints from other
processes

I Which actual NP model could explain such an effect?
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1st try: MSSM

Z0
b

s ℓ+

ℓ−
bL sL

H±

tR

γ
µ µ

(a)

bL sL
t̃R

H̃±

γ
µ µ

(b)

bL,R sL,Rb̃L,R s̃L,R

g̃

γ
µ µ

(c)

bL sLt̃L c̃L

W̃±

γ
µ µ

(d)

bL sLb̃L s̃L

W̃ W̃

ℓ̃µ µ

(e)

By systematically studying all relevant contributions, one can show that the
effect in C9 and C′9 is negligible throughout the MSSM parameter space, in
particular once LHC direct bounds and other flavour constraints (Bs mixing)
taken into account
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2nd try: partial compositeness

b

s

µ+

µ−

Z

(a)

b

s

µ+

µ−

ρ

(b)

b

s

ρ

µ+

µ−

(c)

I C(′)
9 are generated at tree level from vector resonance exchange

I also here, contributions numerically negligible
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Solving the anomaly with a Z ′ boson

L ⊃ g2

2cW

[
s̄γµ(gL

bsPL + gR
bsPR)b + µ̄γµ(gV

µ + γ5gA
µ)µ
]
Z ′µ ,

{
CNP

9 ,C′9

}
∝ m2

Z

m2
Z ′

{
(gL

bs)(gV
µ ), (gR

bs)(gV
µ )
}

[Descotes-Genon et al. 1307.5683, Altmannshofer and DS 1308.1501, Gauld et al.

1308.1959, Buras and Girrbach 1309.2466, Gauld et al. 1310.1082, Buras et al. 1311.6729]
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Simultaneous contribution to Bs mixing

∆Ms

∆MSM
s
− 1 ∝ m2

Z

m2
Z ′

[
(gL

bs)2 + (gR
bs)2 − 9.7(gL

bs)(gR
bs)
]

I The requirement to solve the B → K ∗µµ anomaly + the ∆Ms constraint
lead to an upper bound on MZ ′ :

CNP
9 = −1,C′9 = 1 ⇒ MZ ′ < gV

µ × 0.9 TeV

CNP
9 = −1.5 ⇒ MZ ′ < gV

µ × 2.0 TeV
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Conclusions

1. Bs → µ+µ− closing in on the SM
I Not there yet! After several improvements, theory unc. well below exp.;

exp. still statistics dominated
I Implications for SUSY: large tanβ with light Higgses disfavoured
I Implications for partial compositeness: starts to probe the parameter space

2. B → K ∗µ+µ− showing a few tensions with the SM
I If due to NP, requires contribution to C9 and C′9
I Impossible to explain in SUSY or partial compositeness
I Only known explanation: light flavour-changing Z ′
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