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SuperIso Observables and anomalies Global fits Prospects Conclusion

SuperIso

public C program

dedicated to the flavour physics observable calculations

user manual available (164 pages)

latest release: SuperIso v4.0beta2

User
provided

Dark matter observables
(relic density, direct
& indirect detections)

FeynHiggs Hdecay

MSSM parameters
AMSB, GMSB, CMSSM, NUHM, ...

Softsusy SPheno Suspect Isajet

SLHA file

SLHA reader

C-structure
Parameters

Excluded masses

HiggsBounds

Charged
LSP

Wilson
coefficients

B → Xsγ B → K ∗γ Bs → µ+µ−
B → Xsℓ

+ℓ−

B → K (∗)ℓ+ℓ−

Bs → φℓ+ℓ−

NMSSM
parameters

NMSSMTools

χ2 calculations

THDM
parameters

2HDMC

Muon (g − 2)µ

B → τν

B → D(∗)ℓν

K → µν

Ds → ℓν

D → µν

Key features: precision and simplicity of use

http://superiso.in2p3.fr
FM, Comput. Phys. Commun. 178 (2008) 745

FM, Comput. Phys. Commun. 180 (2009) 1579

FM, Comput. Phys. Commun. 180 (2009) 1718
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Models

Standard Model

Full implementation of all the Wilson coefficients and decays in the SM

Arbitrary new physics models

Parametrised as Wilson coefficients of dimension-6 operators

Possible to use the FLHA interface

Specific new physics models

General Two Higgs Doublet Model
automatic interface with 2HDMC for general 2HDM
and for Types I, II, III, IV

MSSM (with Minimal Flavour Violation)
automatic interfaces with Softsusy, Isajet, Spheno, Suspect available for
CMSSM, NUHM, AMSB, HC-AMSB, MM-AMSB, GMSB, pMSSM

NMSSM
automatic interface with NMSSMTools available for
CNMSSM, NNUHM, NGMSB
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Observables

I) Radiative penguin decays
inclusive branching ratio of B → Xs,dγ (NNLO)
branching ratio and isospin asymmetry of B → K∗γ

II) Electroweak penguin decays
branching ratios of Bs,d → `+`− (NNLO QCD + NLO EW)
observables related to B → Xs`+`−: BR, AFB , zero-crossing q2

0(AFB)

observables related to B → K∗`+`−: BR, AFB , q2
0(AFB), FL, Ai

T , P
(′)
i , ...

observables related to Bs → φ`+`−: BR, Si , ...
observables related to B → K`+`−: BR, AFB , FH , RK , ...

III) Neutrino modes
branching ratio of B → `ν
branching ratios of B → D`ν and B → D∗`ν
branching ratios of Ds → `ν and D → µν
branching ratio of K → µν

IV) Others
LEP and Tevatron direct search limits
Electroweak precision tests: oblique parameters (S,T ,U), ρ, ΓZ
Muon anomalous moment aµ
Dark matter relic density, direct and indirect detections → SuperIso Relic
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New features of SuperIso v4.0

New features

Complex Wilson coefficients

Implementation of “soft” and “full” form factor approaches for
B → K∗µ+µ− and Bs → φµ+µ−

Implementation of several methods for the hadronic effects in
B → K∗µ+µ− observables

Automatic calculation of the theory errors and correlations for b → s
transitions (with parallel implementation)

Experimental uncertainties and correlations for b → s transitions provided

Automatic χ2 calculation for b → s transitions

Remark: SuperIso is part of FlavBit/GAMBIT, which provides more
sophisticated statistical tools.

Nazila Mahmoudi (Re)interpretation workshop, CERN - 14 May 2018 5 / 24



SuperIso Observables and anomalies Global fits Prospects Conclusion

b → s transitions

Source of uncertainties
Physical parameters, in particular quark masses

Decay constants (fB , ...) and form factors

Physical scales

Non-factorisable hadronic effects (power corrections)

In SuperIso
All the parameters can be varied

475 b → s observables and their measurements included

Experimental correlations between the angular observables of B → K∗µ+µ−

included
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Theory error and correlation calculation (1)

Monte Carlo approach

Vary all the nuisance parameters

Consider the correlations between the parameters (Cholesky decomposition)

Compute the errors and correlations for the 475 observables

Limitations of the Monte Carlo approach

Large number of iterations necessary for convergence (∼ 100k or more)

Hence very slow... (∼ hours/days for each point)

Method used in SuperIso v3.6

Calculation of the SM errors and correlations through MC approach

SM correlations provided as a fixed matrix

SM errors and correlations used to compute χ2

Uncertainties considered as either absolute or relative

Unfortunately not much flexible
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Theory error and correlation calculation (2)

Fast computation approach

Assumption of Gaussian errors

Hypothesis of linear dependence of the observables on the parameters
within one standard deviation

Covariance matrix obtained from: A. Arbey, S. Fichet, FM, G. Moreau, JHEP 1611 (2016) 097

Cov(Obs i ,Obs j) =
1
N

N∑
A=1

N∑
B=1

Corr(Param A,Param B) ∆i (A) ∆j (B)

N: number of parameters
∆i (A): variation of observable i when the nuisance parameter A is varied by one sigma
Corr(Param A,Param B): correlation between parameters A and B

In SuperIso v4

Variation of each parameter within one standard deviation
Evaluation of the covariance matrix using the above formula
Possible to compute the covariance matrix in the SM and use it elsewhere
Possible to compute the covariance matrix for each point
Code parallelised, only few seconds for ∼ 100 observables
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SuperIso Relic

SuperIso Relic = SuperIso + dark matter observables
Collaboration with A. Arbey and G. Robbins

Dark matter observables (since v4.0)

Relic density

Direct detection (incl. constraints from XENON1T, LUX, ...)

Indirect detection (incl. constraints from AMS-02, FERMI-LAT, ...)

Concepts

Precise and as fast as possible

Flexible particle physics model implementation (MSSM, NMSSM, ...)

Flexible cosmological and astrophysical model implementation
(dark energy, reheating, dark matter profiles, ...)

A. Arbey, FM, Comput. Phys. Commun. 181 (2010) 1277

A. Arbey, FM, Comput. Phys. Commun. 182 (2011) 1582

A. Arbey, FM, G. Robbins, arXiv:1806.XXXXX
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Interpretation of the flavour anomalies
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Rare decays

Many observables, with different sensitivities to different Wilson coefficients.

Main observables sensitive to C
(′)
7 , C (′)

9 and C
(′)
10 :

decay obs C
(′)
7 C

(′)
9 C

(′)
10

B → Xsγ BR X

B → K∗γ BR, AI X

B → Xs`
+`− dBR/dq2, AFB X X X

B → K`+`− dBR/dq2 X X X

B → K∗`+`− dBR/dq2, angular obs. X X X

Bs → φ`+`− dBR/dq2, angular obs. X X X

Bs → µ+µ− BR X

The only reason C9 is the main player to explain the anomalies is that C7 and C10 are
severely constrained!

δ〈P ′5〉[4.3,8.68] ' −0.52 δC7 −0.03 δC8 −0.08 δC9 −0.03 δC10
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BR(Bs → µ+µ−)

Relevant operators:

O10 =
e2

(4π)2
(sγµbL)(¯̀γµγ5`)

OS =
e2

16π2 (s̄αL bαR )(¯̀`)

OP =
e2

16π2 (s̄αL bαR )(¯̀γ5`)

b̄

s

µ+

µ−

W+, H+

u, c, t

u, c, t

h,H,A, Z

b̄

s

µ+

µ−

u, c, t ν

W+, H+

W−, H−

b̄

s

µ+

µ−

χ̃+

ũ, c̃, t̃

ũ, c̃, t̃

h,H,A, Z

b̄

s

µ+

µ−

ũ, c̃, t̃ ν̃

χ̃+

χ̃−

BR(Bs → µ+µ−) =
G2
Fα

2

64π3 f 2
Bs
τBsm

3
Bs
|VtbV

∗
ts |2
√

1− 4m2
µ

m2
Bs

×
{(

1− 4m2
µ

m2
Bs

) ∣∣CS − C ′S
∣∣2 +

∣∣∣(CP − C ′P) + 2 (C10 − C ′10)
mµ
mBs

∣∣∣2}
Largest contributions in SM from a Z penguin top loop (75%) and a W box diagram (24%)

Experimental measurement:
HFAG 2017 combination: BR(Bs → µ+µ−) = (3.1± 0.7)× 10−9

SM prediction: BR(Bs → µ+µ−) = (3.41± 0.27)× 10−9

SuperIso v4.0
Bobeth et al., Phys. Rev. Lett. 112 (2014) 101801, ...
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B → Xsγ

Inclusive branching ratio of B → Xsγ

Contributing loops:

b s

W−

t
γ

b s

H−

t
γ

b s

χ−

t̃
γ

Main operator: O7 ∝ (s̄σµνPR)F a
µν

but higher order contributions from O1, ..., O8

Standard OPE for inclusive decays

Very precise theory prediction (at NNLO)

Experimental value (HFAG 2017): BR(B̄ → Xsγ) = (3.32± 0.15)× 10−4

SM prediction: BR(B̄ → Xsγ) = (3.34± 0.22)× 10−4

SuperIso v4.0
M. Misiak et al., Phys. Rev. Lett. 98 (2007) 022002
M. Misiak et al., Phys. Rev. Lett. 114 (2015) 22, 221801, ...
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B → K∗µ+µ−

Angular distributions

The full angular distribution of the decay
B̄0 → K̄∗0`+`− (K̄∗0 → K−π+) is completely
described by four independent kinematic variables:
q2 (dilepton invariant mass squared), θ`, θK∗ , φ

Differential decay distribution:

d4Γ

dq2 d cos θ` d cos θK∗ dφ
=

9
32π

J(q2, θ`, θK∗ , φ)

J(q2, θ`, θK∗ , φ) =
∑

i Ji (q
2) fi (θ`, θK∗ , φ)

↘ angular coefficients J1−9
↘ functions of the spin amplitudes A0, A‖, A⊥, At , and AS

Spin amplitudes: functions of Wilson coefficients and form factors

Main operators:

O9 = e2

(4π)2 (sγµbL)(¯̀γµ`), O10 = e2

(4π)2 (sγµbL)(¯̀γµγ5`)

OS = e2

16π2 (s̄αL b
α
R )(¯̀`), OP = e2

16π2 (s̄αL b
α
R )(¯̀γ5`)

b̄ s̄

d d

µ+

µ−

γ, Z

b̄ s̄

d d

µ+µ−

W W
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B → K∗µ+µ− – Angular observables

Optimised observables: form factor uncertainties cancel at leading order
Prime example:

〈P′5〉bin =

∫
bin dq2[J5 + J̄5]

2
√
−
∫
bin dq2[J2s + J̄2s ]

∫
bin dq2[J2c + J̄2c ]

Long standing anomaly 2-3σ:
2013 (1 fb−1): disagreement with the SM for P2 and P′5 (PRL 111, 191801 (2013))

March 2015 (3 fb−1): confirmation of the deviations (LHCb-CONF-2015-002)

Dec. 2015: 2 analysis methods, both show the deviations (JHEP 1602, 104 (2016))

LHCb, JHEP 02 (2016) 104; Belle, PRL 118 (2017); ATLAS, ATLAS-CONF-2017-023; CMS, CMS-PAS-BPH-15-008

Also measured by ATLAS, CMS and Belle
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Bs → φµ+µ−

Bs → φµ+µ− branching fraction

Same theoretical description as B → K∗µ+µ−

Replacement of B → K∗ form factors with the Bs → φ ones
Also consider the Bs − B̄s oscillations

June 2015 (3 fb−1): the differential branching fraction is found to be 3.2σσσ below
the SM predictions in the [1-6] GeV2 bin

JHEP 1509 (2015) 179

]4c/2 [GeV2q
5 10 15

]
4

c
­2

G
eV

­8
 [

1
0

2
q

)/
d

µ
µ

φ
→

s0
B

d
B

( 0

1

2

3

4

5

6

7

8

9
LHCb

SM pred.

Data
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Lepton flavour universality tests

Lepton flavour universality in B+ → K+`+`−

Theoretical description similar to B → K∗µ+µ−, but
different since K is scalar

SM prediction very accurate
June 2014 (3 fb−1): measurement of

RK = BR(B+ → K+µ+µ−)/BR(B+ → K+e+e−)

in the [1-6] GeV2 bin: 2.6σ tension (LHCb, PRL 113, 151601(2014))
BaBar, PRD 86 (2012) 032012; Belle, PRL 103 (2009) 171801

Lepton flavour universality in B0 → K∗0`+`−

LHCb measurement (April 2017): JHEP 08 (2017) 055

RK∗ = BR(B0 → K∗0µ+µ−)/BR(B0 → K∗0e+e−)

Two q2 regions: [0.045-1.1] and [1.1-6.0] GeV2

2.2-2.5σ tension in each bin
BaBar, PRD 86 (2012) 032012; Belle, PRL 103 (2009) 171801

If confirmed this would be a groundbreaking discovery!
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Issue of the hadronic power corrections

Effective Hamiltonian for b → s transitions Heff = Hhad
eff +Hsl

eff

Hsl
eff = −

4GF
√
2

VtbV
∗
ts

[ ∑
i=7,9,10

C
(′)
i

O
(′)
i

]

〈K̄∗|Hsl
eff |B̄〉: B → K∗ form factors V , A0,1,2, T1,2,3

Transversity amplitudes:

A
L,R
⊥ ' N⊥

(C+
9 ∓ C+

10)
V (q2)

mB + mK∗
+

2mb

q2
C+
7 T1(q2)


A
L,R
‖ ' N‖

(C
−
9 ∓ C

−
10)

A1(q2)

mB − mK∗
+

2mb

q2
C
−
7 T2(q2)


A
L,R
0 ' N0

{
(C
−
9 ∓ C

−
10)

[
(. . .)A1(q2) + (. . .)A2(q2)

]
+ 2mbC

−
7
[

(. . .)T2(q2) + (. . .)T3(q2)
] }

AS = NS (CS − C′S )A0(q2)

(
C
±
i
≡ Ci ± C′i

)

Hhad
eff = −

4GF
√
2

VtbV
∗
ts

 ∑
i=1...6

Ci Oi + C8O8



A(had)
λ

= − i
e2

q2

∫
d4xe−iq·x 〈`+

`
−|jem,leptµ (x)|0〉

×
∫
d4y eiq·y 〈K̄∗λ|T{j

em,had,µ(y)Hhad
eff (0)}|B̄〉

≡
e2

q2
εµL

µ
V

[
LO in O(

Λ

mb

,
Λ

EK∗
)

︸ ︷︷ ︸
Non-Fact., QCDf

+ hλ(q2)︸ ︷︷ ︸
power corrections

→ unknown

]

only guesstimates possible at present
but estimates possible with some work on the theory side

The significance of the anomalies depends on the assumptions
made for the unknown power corrections!

This does not affect RK and R∗K of course, but does affect the combined fits!
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+

2mb

q2
C+
7 T1(q2)


A
L,R
‖ ' N‖

(C
−
9 ∓ C

−
10)

A1(q2)

mB − mK∗
+

2mb

q2
C
−
7 T2(q2)


A
L,R
0 ' N0

{
(C
−
9 ∓ C

−
10)

[
(. . .)A1(q2) + (. . .)A2(q2)

]
+ 2mbC

−
7
[

(. . .)T2(q2) + (. . .)T3(q2)
] }

AS = NS (CS − C′S )A0(q2)

(
C
±
i
≡ Ci ± C′i

)

Hhad
eff = −

4GF
√
2

VtbV
∗
ts

 ∑
i=1...6

Ci Oi + C8O8



A(had)
λ

= − i
e2

q2

∫
d4xe−iq·x 〈`+

`
−|jem,leptµ (x)|0〉

×
∫
d4y eiq·y 〈K̄∗λ|T{j

em,had,µ(y)Hhad
eff (0)}|B̄〉

≡
e2

q2
εµL

µ
V

[
LO in O(

Λ

mb

,
Λ

EK∗
)

︸ ︷︷ ︸
Non-Fact., QCDf

+ hλ(q2)︸ ︷︷ ︸
power corrections
→ unknown

]

only guesstimates possible at present
but estimates possible with some work on the theory side

The significance of the anomalies depends on the assumptions
made for the unknown power corrections!

This does not affect RK and R∗K of course, but does affect the combined fits!
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Global fits

Many observables → Global fits
NP manifests itself in shifts of individual coefficients with respect to SM values:

Ci (µ) = CSM
i (µ) + δCi

→ Scans over the values of δCi

→ Calculation of flavour observables

Theoretical uncertainties and correlations
variation of the “standard” input parameters: masses, scales, CKM, ...
decay constants taken from the latest lattice results
B → K (∗) and Bs → φ form factors are obtained from the lattice+LCSR combinations
(1411.3161, 1503.05534), including all the correlations
Parameterisation of uncertainties from power corrections:

Ak → Ak

(
1 + ak exp(iφk ) +

q2

6 GeV2 bk exp(iθk )

)
|ak | between 10 to 60%, bk ∼ 2.5ak

⇒ Computation of a (theory + exp) correlation matrix

Global fits of the observables obtained by minimisation of

χ2 =
(
~Oth − ~Oexp) · (Σth + Σexp)−1 ·

(
~Oth − ~Oexp)

↘ inverse covariance matrix
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NP Fit results: single operator

Best fit values considering all observables
besides RK and RK∗

(under the assumption of 10% non-factorisable
power corrections)

All b → s data except
(χ2

SM = 98.1)
RK (∗)

b.f. value χ2
min PullSM

δC9 −1.02± 0.20 79.7 4.3σ

δC10 0.18± 0.25 97.6 0.8σ

δCµ9 −1.05± 0.19 77.5 4.5σ

δC e
9 0.72± 0.58 96.9 1.1σ

δCµ10 0.27± 0.25 96.8 1.1σ

δC e
10 −0.56± 0.50 97.1 1.0σ

→ C9 and Cµ9 solutions are favoured with SM
pulls of 4.3 and 4.5σ
→ C10-like solutions do not play a role

Best fit values in the one operator fit
considering only RK and RK∗

Only RK and RK∗ (χ2
SM = 18.7)

b.f. value χ2
min PullSM

δC9 −1.99± 5.81 18.6 0.3σ

δC10 4.09± 12.23 18.5 0.5σ

δCµ9 −1.47± 0.52 5.3 3.7σ

δC e
9 1.58± 0.49 3.6 3.9σ

δCµ10 1.38± 0.44 2.8 4.0σ

δC e
10 −1.44± 0.44 2.3 4.1σ

→ NP in C e
9 , C

µ
9 , C e

10, or C
µ
10 are favoured by

the RK (∗) ratios (significance: 3.7− 4.1σ)
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Fit results for two operators

using all but RK and RK∗ using only RK and RK∗

(Cµ9 − C e
9 )

(Cµ9 − Cµ10)

The two sets are compatible at least at the 2σ level.
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Fit results for two operators: dependence on hadronic uncertainties

Fits with different assumptions for the
form factor uncertainties:

correlations ignored (solid line)

normal form factor errors (filled areas)

2 × form factor errors (dashed line)

4 × form factor errors (dotted line)

The size of the form factor errors has a
crucial role in constraining the allowed

region!

Fits assuming different power correction
uncertainties:

10% uncertainty (filled areas)

60% uncertainty (solid line)

60% power correction uncertainty leads to
only 17-20% error at the observable level.
Significance of the tension depends on the
assumption on the size of the power
corrections
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Estimates of hadronic effects

Various methods for hadronic effects

e2

q2 εµL
µ
V

[
Y (q2)Ṽλ + LO in O(

Λ

mb
,

Λ

EK∗
) + hλ(q2)

]
factorisable

non- power corrections region of physical region
factorisable (soft gluon) calculation of interest

Standard 3 3 7 q2 . 7 GeV2 directly

Khodjamirian et al.
3 7 3 q2 < 1 GeV2 extrapolation by

[1006.4945] dispersion relation

Bobeth et al.
3 3 3 q2 < 0 GeV2 extrapolation by

[1707.07305] analyticity

Standard

Bobeth et al.

Khodjamirian et al.

0 2 4 6 8 10 12 14

-1.0

-0.5

0.0

0.5

1.0

q2

P
5′
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Future LHCb prospects

Global fits using the angular observables
only (NO theoretically clean R ratios)
Considering several luminosities, assuming the
current central values

LHCb may be able to establish new physics
within the angular observables even in the

pessimistic case that there will be no
theoretical progress on non-factorisable

power corrections!

Global fits to δCµ9 using the ratios RK and
RK∗ only
Assuming current central values remain

δCµ9
Syst. Syst./2 Syst./3
PullSM PullSM PullSM

12 fb−1 6.1σ (4.3σ) 7.2σ (5.2σ) 7.4σ (5.5σ)

50 fb−1 8.2σ (5.7σ) 11.6σ (8.7σ) 12.9σ (9.9σ)

300 fb−1 9.4σ (6.5σ) 15.6σ (12.3σ) 19.5σ (16.1σ)

(): assuming 50% correlation between each of the

RK and RK∗ measurements

Only a small part of the 50 fb−1 is needed
to establish NP in the RK (∗) ratios even in
the pessimistic case that the systematic
errors are not reduced by then at all.

This is independent of the hadronic
uncertainties!
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Conclusion

The full LHCb Run 1 results still show some tensions with the SM predictions

Significance of the anomalies depends on the assumptions on the power
corrections

Model independent fits point to about 25% reduction in C9, and new physics in
muonic Cµ9 is preferred

The LHCb upgrade will have enough precision to distinguish between NP and
power corrections

SuperIso provides the calculation of many flavour observables in different models

With special care to treat the hadronic uncertainties, important for flavour
anomalies
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Backup
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Theoretical framework

Effective field theory

Heff = −4GF√
2
VtbV

∗
ts

( ∑
i=1···10,S,P

(
Ci (µ)Oi (µ) + C ′i (µ)O′i (µ)

))
Operator set for b → s transitions:

4-quark chromomagnetic electromagnetic semileptonic
operators dipole operator dipole operator operators

O1···6

q̄ q̄

b s

b s

g

, O8
b s

γ

, O7 b s

`+

`−

, O9,10

O1,2 ∝ (s̄Γµc)(c̄Γµb) O8 ∝ (s̄σµνT aPR)G a
µν O7 ∝ (s̄σµνPR)F a

µν O`9 ∝ (sγµbL)(¯̀γµ`)

O3,4 ∝ (s̄Γµb)
∑

q(q̄Γµq) O`10 ∝ (sγµbL)(¯̀γµγ5`)

+ the chirality flipped counter-parts of the above operators, O′i
Wilson coefficients:

The Wilson coefficients are calculated perturbatively and are process independent.
SM contributions known to NNLL (Bobeth, Misiak, Urban ’99; Misiak, Steinhauser ’04, Gorbahn, Haisch ’04;

Gorbahn, Haisch, Misiak ’05; Czakon, Haisch, Misiak ’06,...)

C7 = −0.294 C9 = 4.20 C10 = −4.01
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