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Why rare B decays
Solutions to the hierarchy problem must bring in particles to cut 
off the top contribution to the weak scale (Higgs mass 
parameter).  

The new particles’ couplings tend to break flavour (they do in all 
the “natural” proposals for TeV physics)

At least they will have CKM-like flavour violations (minimal 
flavour violation), so will always affect rare decays
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Figure 1.1: One-loop quantum corrections to the Higgs squared mass parameter m2
H , due to (a) a Dirac

fermion f , and (b) a scalar S.

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at the minimum

of the potential. This will occur if λ > 0 and m2
H < 0, resulting in 〈H〉 =

√
−m2

H/2λ. Since we

know experimentally that 〈H〉 is approximately 174 GeV, from measurements of the properties of the
weak interactions, it must be that m2

H is very roughly of order −(100 GeV)2. The problem is that m2
H

receives enormous quantum corrections from the virtual effects of every particle that couples, directly
or indirectly, to the Higgs field.

For example, in Figure 1.1a we have a correction to m2
H from a loop containing a Dirac fermion

f with mass mf . If the Higgs field couples to f with a term in the Lagrangian −λfHff , then the
Feynman diagram in Figure 1.1a yields a correction

∆m2
H = − |λf |2

8π2
Λ2

UV + . . . . (1.2)

Here ΛUV is an ultraviolet momentum cutoff used to regulate the loop integral; it should be interpreted
as at least the energy scale at which new physics enters to alter the high-energy behavior of the theory.
The ellipses represent terms proportional to m2

f , which grow at most logarithmically with ΛUV (and
actually differ for the real and imaginary parts of H). Each of the leptons and quarks of the Standard
Model can play the role of f ; for quarks, eq. (1.2) should be multiplied by 3 to account for color. The
largest correction comes when f is the top quark with λf ≈ 1. The problem is that if ΛUV is of order
MP, say, then this quantum correction to m2

H is some 30 orders of magnitude larger than the required
value of m2

H ∼ −(100 GeV)2. This is only directly a problem for corrections to the Higgs scalar boson
squared mass, because quantum corrections to fermion and gauge boson masses do not have the direct
quadratic sensitivity to ΛUV found in eq. (1.2). However, the quarks and leptons and the electroweak
gauge bosons Z0, W± of the Standard Model all obtain masses from 〈H〉, so that the entire mass
spectrum of the Standard Model is directly or indirectly sensitive to the cutoff ΛUV.

One could imagine that the solution is to simply pick a ΛUV that is not too large. But then one
still must concoct some new physics at the scale ΛUV that not only alters the propagators in the loop,
but actually cuts off the loop integral. This is not easy to do in a theory whose Lagrangian does not
contain more than two derivatives, and higher-derivative theories generally suffer from a failure of either
unitarity or causality [2]. In string theories, loop integrals are nevertheless cut off at high Euclidean
momentum p by factors e−p2/Λ2

UV . However, then ΛUV is a string scale that is usually† thought to be
not very far below MP. Furthermore, there are contributions similar to eq. (1.2) from the virtual effects
of any arbitrarily heavy particles that might exist, and these involve the masses of the heavy particles,
not just the cutoff.

For example, suppose there exists a heavy complex scalar particle S with mass mS that couples to
the Higgs with a Lagrangian term −λS |H|2|S|2. Then the Feynman diagram in Figure 1.1b gives a
correction

∆m2
H =

λS

16π2

[
Λ2

UV − 2m2
S ln(ΛUV/mS) + . . .

]
. (1.3)

†Some recent attacks on the hierarchy problem, not reviewed here, are based on the proposition that the ultimate
cutoff scale is actually close to the electroweak scale, rather than the apparent Planck scale.
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weak  ΔB=ΔS=1 Hamiltonian

The operators Pi are given in [], the Qi are defined as

O7 =
e

16⇤2
m̂b s̄⌅µ⇥PRF

µ⇥b ,

OV =
�em

4⇤
(s̄⇥µPLb)(l̄⇥

µl) ,

OS =
�em

4⇤
m̂b(s̄PRb)(l̄l) ,

OT =
�em

4⇤
m̂b(s̄⌅µ⇥PRb)(l̄⌅

µ⇥PRs) ,

O8 =
gs

16⇤2
m̂b s̄⌅µ⇥PRG

µ⇥b ,

OA =
�em

4⇤
(s̄⇥µPLb)(l̄⇥

µ⇥5l)A ,

OP =
�em

4⇤
m̂b(s̄PRb)(l̄⇥

5l) ,
(5)

and the primed operators O⇤
i are obtained from these by PR ⇤ PL, PL ⇤ PR in

the quark bilinears. gs (e) denotes the strong (electromagnetic) coupling constant
coming from the covariant derivative Dµ = �µ+ ieQfAµ+ igsTAAA

µ (Qf = �1 for

the leptons), �em = e2/(4⇤) and m̂b the b-quark mass defined in the MS scheme.
The contribution of the semileptonic Hamiltonian Hsl

e� to the decay amplitude
factorizes (in the “naive” sense) into a sum of products of hadronic and leptonic
currents,

Asl = Lµ
V aV µ + Lµ

A aAµ + LS aS + LP aP + Lµ
TL aTL,µ + Lµ

TR aTR,µ, (6)

where

Lµ
V = ⌥+�|l̄⇥µl|0�,

LS = ⌥+�|l̄l|0�,

Lµ
TL =

i⇥
q2
⌥+�|q⇥ l̄⌅µ⇥PLl|0�,

Lµ
A = ⌥+�|l̄⇥µ⇥5l|0�,

LP = ⌥+�|l̄⇥5l|0�,
Lµ
TR = i⌥+�|q⇥ l̄⌅µ⇥PRl|0�,

(7)

and we have made use of the relation

(s̄⌅µ⇥PR(L)b)(l̄⌅
µ⇥PR(L)s) =

4

q2
(s̄q⇥⌅

µ⇥PR(L)b)(l̄q⇤⌅
µ⇤PR(L)l), (8)

where q = p � k is the dilepton four-momentum.1 The hadronic amplitude
coe⇥cients a... are sums of products of form factors and Wilson coe⇥cients and
will be given below.

The hadronic Hamiltonian He� requires in addition two insertions of the elec-
tromagnetic current (one hadronic and one leptonic) to mediate the semileptonic
decay,

A(had) =
e2

q2

�
d4xe�iq·x⌥+�|jem,lept

µ (x)|0�
�

d4yeiq·y⌥M |jem,had,µ(y)Hhad(0)|B̄�

⇥ e2

q2
Lµ
V a

had
µ .

(9)

1Equation (8) holds for arbitrary time-like four-vector qµ.
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with

Hhad
e� =

4GF�
2

⇤

p=u,c

⇤p

�
C1Q

p
1 + C2Q

p
2 +

⇤

i=3...6

CiPi + C8gQ8g

⇥
, (5)

Hsl
e� = �4GF�

2
⇤t

⌅
C7Q7� + C ⇥

7Q
⇥
7� + C9Q9V + C ⇥

9Q
⇥
9V + C10Q10A + C ⇥

10Q
⇥
10A

+CSQS + C ⇥
SQ

⇥
S + CPQP + C ⇥

PQ
⇥
P + CTQT + C ⇥

TQ
⇥
T

⇧
.
(6)

The operators Pi are given in [65], the Qi are defined as

Q7� =
e

16⌅2
m̂b s̄⇧µ⇤PRF

µ⇤b ,

Q9V =
�em

4⌅
(s̄⇥µPLb)(l̄⇥

µl) ,

QS =
�em

4⌅

m̂b

mW
(s̄PRb)(l̄l) ,

QT =
�em

4⌅

m̂b

mW
(s̄⇧µ⇤PRb)(l̄⇧

µ⇤PRl) ,

Q8g =
gs

16⌅2
m̂b s̄⇧µ⇤PRG

µ⇤b ,

Q10A =
�em

4⌅
(s̄⇥µPLb)(l̄⇥

µ⇥5l)A ,

QP =
�em

4⌅

m̂b

mW
(s̄PRb)(l̄⇥

5l) ,

(7)
and the primed operators Q⇥

i are obtained from these by PR ⇥ PL, PL ⇥ PR in
the quark bilinears. gs (e) denotes the strong (electromagnetic) coupling constant
coming from the covariant derivative Dµ =  µ+ ieQfAµ+ igsTAAA

µ (Qf = �1 for

the leptons), �em = e2/(4⌅) and m̂b the b-quark mass defined in the MS scheme.
The contribution of the semileptonic Hamiltonian Hsl

e� to the decay amplitude
factorizes (in the “naive” sense) into a sum of products of hadronic and leptonic
currents,

Asl = ⇧M�+��|Hsl
e� |B̄⌃ = Lµ

V aV µ+Lµ
A aAµ+LS aS+LP aP+Lµ

TL aTL,µ+Lµ
TR aTR,µ,

(8)
where

Lµ
V = ⇧�+��|l̄⇥µl|0⌃,

LS = ⇧�+��|l̄l|0⌃,

Lµ
TL =

i⌃
q2
⇧�+��|q⇤ l̄⇧µ⇤PLl|0⌃,

Lµ
A = ⇧�+��|l̄⇥µ⇥5l|0⌃,

LP = ⇧�+��|l̄⇥5l|0⌃,

Lµ
TR =

i⌃
q2
⇧�+��|q⇤ l̄⇧µ⇤PRl|0⌃,

(9)

and we have made use of the relation

(s̄⇧µ⇤PR(L)b)(l̄⇧
µ⇤PR(L)s) =

4

q2
(s̄q⇤⇧

µ⇤PR(L)b)(l̄q⌅⇧
µ⌅PR(L)l), (10)

where q = p�k is the dilepton four-momentum.1 The hadronic currents aV µ, . . .
are expressed in terms of form factors and Wilson coe⇥cients, and enter the
helicity amplitudes given below.

1Equation (10) holds for arbitrary time-like four-vector qµ.
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5

= EFT for ΔB=ΔS=1 transitions (up to dimension six)

look for observables sensitive to Ci’s, specifically 
those that are suppressed in the SM

Ci ∼ gNP

m2
W

M2
NP



 final state             strong dynamics       #obs    NP enters through    

Leptonic
              

semileptonic,
radiative

charmless hadronic

Decay constants and form factors accessible by QCD sum rules 
and, increasingly, by lattice QCD. Lattice in particular for the 
decay constants; price to pay: small branching fractions, few 
observables

O(1)                         

O(10)                         

O(100)                         

decay constant                     

form factors

matrix element              

B➔l+ l-

B➔ K*l+ l-, K*γ

B➔ππ, πK, ϕϕ, ...

⟨π|jµ|B⟩ ∝ fBπ(q2)

⟨0|jµ|B⟩ ∝ fB

⟨ππ|Qi|B⟩

Exclusive decays at LHCb
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Leptonic decay, NP and LHC
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µ
−
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µ
−

loop and helicity 
suppressed in SM                          

Yukawa suppressed in SM

in 2HDM (or MSSM)  Yukawas
can be (very) large

∝

m2
µ

M2

W

∝

m2
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Loop suppression and possible removal of helicity/Yukawa suppression 
imply strong sensitivity to new physics

Bobeth et al 2013
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d ! µ+µ�) = (1.06± 0.09)⇥ 10�10
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SM theory (time-averaged)
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Standard Model
• Mediated by short-distance

Z penguin and box - long distance
strongly CKM / GIM suppressed 

• including QCD corrections, matches
onto single relevant effective operator

 

• includes: NNLO QCD, NLO EW (matching); photon 
bremsstrahlung; time-averaging

• nonperturbative QCD in decay constant and O(αem) only
main uncertainties: decay constant, CKM

[Buchalla&Buras 93, Misiak&Urban 99; De Bruyn et al 2012; Guadagnoli & Isidori 2012; 
Buras et al 2012,2013; Bobeth et al 2013]
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3.4 Very rare decays
3.4.1 Theory of Bq → !+!− and related decays
A particularly important class of very rare decays are the leptonic FCNC decays of a Bd or a Bs meson.
In addition to the electroweak-loop suppression the corresponding decay rates are helicity suppressed in
the SM by a factor of m2

!/m
2
B , where m! and MB are the masses of lepton and B meson, respectively.

The effective |∆B| = |∆S| = 1 Hamiltonian, which describes b → s decays, already contains 17
different operators in the Standard Model, in a generic model-independent analysis of new physics this
number will exceed 100. One virtue of purely leptonic Bs decays is their dependence on a small number
of operators, so that they are accessible to model-independent studies of new physics. These statements,
of course, equally apply to b → d transitions and leptonic Bd decays. While in the Standard Model all
six Bq → !+!− decays (with q = d or s and ! = e, µ or τ ) are related to each other in a simple way, this
is not necessarily so in models of new physics. Therefore all six decay modes should be studied.

Other very rare decays, such as Bq → !+!−!′+!′−, !+!−γ, e+µ−, are briefly considered in Sec.
3.4.1.3 below.

3.4.1.1 Bq → !+!− in the Standard Model
Photonic penguins do not contribute to Bq → !+!−, because a lepton-anti-lepton pair with zero angular
momentum has charge conjugation quantum number C = 1, while the photon has C = −1. The
dominant contribution stems from the Z-penguin diagram and is shown in Figure 19.

Fig. 19: Left: Z-penguin contribution to Bs → !+!−.

There is also a box diagram with two W bosons, which is suppressed by a factor ofM2
W /m2

t with
respect to the Z-penguin diagram. These diagrams determine the Wilson coefficient CA of the operator

QA = bLγµqL !γµγ5!. (122)

We will further need operators with scalar and pseudoscalar couplings to the leptons:

QS = mbbRqL !!, QP = mbbRqL !γ5!. (123)

Their coefficients CS and CP are determined from penguin diagrams involving the Higgs or the neutral
Goldstone boson, respectively. While CS and CP are tiny and can be safely neglected in the Standard
Model, the situation changes dramatically in popular models of new physics discussed below. The effec-
tive Hamiltonian reads

H =
GF√

2

α

π sin2 θW
V ∗

tbVtq [CSQS + CP QP + CAQA ] + h.c. (124)

The operators Q′
S , Q′

P and Q′
A, where the chiralities of the quarks in the b̄q currents are flipped with

respect to those in (122), (123), may also become relevant in general extensions of the SM.
CA has been determined in the next-to-leading order (NLO) of QCD [546–548]. The NLO cor-

rections are in the percent range and higher-order corrections play no role. CA is commonly expressed
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We combine our new results for the O(αem) and O(α2
s) corrections to Bs,d → "+"−, and present

updated branching ratio predictions for these decays in the standard model. Inclusion of the new
corrections removes major theoretical uncertainties of perturbative origin that have just begun to
dominate over the parametric ones. For the recently observed muonic decay of the Bs meson, our
calculation gives B(Bs → µ+µ−) = (3.65± 0.23) × 10−9.

PACS numbers: 12.38.Bx, 13.20.He

Rare leptonic decays of the neutral B mesons are
highly suppressed in the standard model (SM), and pro-
vide important constraints on models of new physics. In
the SM, these flavor changing neutral current decays are
generated first at one-loop level through W-box and Z-
penguin diagrams. Their branching ratios undergo an
additional helicity suppression by m2

!/M
2
Bq

, where m!

and MBq
denote masses of the charged lepton and the

Bq meson, respectively. This suppression can be lifted in
models with extra Higgs doublets, such as the minimal
supersymmetric standard model. Constraints on such
models can be obtained even for the scalar masses reach-
ing a few TeV, far above the current direct search limits
(see e.g. Ref. [1]). However, one of the key factors in
determining the constraints is the SM prediction accu-
racy. Improving this accuracy is the main purpose of the
present work.
The average time-integrated branching ratios Bq! ≡

B[Bq → !+!−] (q = s, d; ! = e, µ, τ) depend on details
of BqB̄q mixing [2]. A simple relation Bq! = Γ[Bq →
!+!−]/Γq

H holds in the SM to a very good approxima-
tion, with Γq

H denoting the heavier mass-eigenstate total
width. For ! = µ, the current experimental world aver-
ages read [3]

Bsµ = (2.9±0.7)×10−9, Bdµ =
(
3.6+1.6

−1.4

)
×10−10. (1)

They have been obtained by combining the recent mea-
surements of CMS [4] and LHCb [5]. In the Bsµ case,
reduction of uncertainties to a few percent level is ex-
pected in the forthcoming decade. To match such an
accuracy, theoretical calculations must include the next-
to-leading order (NLO) corrections of electroweak (EW)
origin, as well as QCD corrections up to the next-to-
next-to-leading order (NNLO). In the present paper, we
combine our new calculations of the NLO EW [6] and
NNLO QCD [7] corrections to the relevant coupling con-
stant (Wilson coefficient) CA, and present updated SM
predictions for all the Bq! branching ratios.

A convenient framework for describing the considered
processes is an effective theory derived from the SM by
decoupling the top quark, the Higgs boson, and the heavy
electroweak bosons W and Z (see, e.g., Ref. [8] for a
pedagogical introduction). The effective weak interaction
Lagrangian relevant for Bq → !+!− reads

Lweak = N CA(µb) (b̄γαγ5q)(!̄γ
αγ5!) + . . . , (2)

where CA is the MS-renormalized Wilson coefficient
at the scale µb ∼ mb. The ellipses stand for other,
subleading weak interaction terms (operators) which
we discuss below. The normalization constant N =
V #
tbVtq G

2
FM

2
W /π2 is given in terms of the Fermi constant

GF (extracted from the muon decay), the W -boson on-
shell mass MW , and the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements Vij .
Once CA(µb) is determined to sufficient accuracy, the

branching ratio is easily expressed in terms of the lepton
massm!, the Bq-meson massMBq

and its decay constant
fBq

. The latter is defined by the QCD matrix element
〈0|b̄γαγ5q|Bq(p)〉 = ipαfBq

. One finds

Bq! =
|N |2M3

Bq
f2
Bq

8π Γq
H

βq! r
2
q! |CA(µb)|

2 + O(αem), (3)

where rq! = 2m!/MBq
and βq! =

√
1− r2q!. Equation (3)

holds at the leading order in flavor-changing weak in-
teractions and in M2

Bq
/M2

W , which is accurate up to
permille-level corrections. In particular, operators like
(b̄γ5q)(!̄!) from the Higgs boson exchanges give rise to
O(M2

Bq
/M2

W ) effects only. Thus, one neglects such oper-
ators in the SM. However, they often matter in beyond-
SM theories.
As far as the O(αem) term in Eq. (3) is concerned, it

requires more explanation because we are going to ne-
glect it while including complete corrections of this order
to CA(µb). The first observation to make is that some
of the O(αem) corrections to CA(µb) get enhanced by



How does it compare?
• Leptonic decay is

+ NP QCD only through a (lattice-accessible) decay 
constant; unless multi-photon exchanges considered
+ free from long-distance photon penguins, photon cannot 
create a spin-0 lepton-antilepton pair.

• For comparison, semileptonic B➔ K*l+ l-
+ kinematically rich 4-body final state, much richer source of 
information in principle
- but involves 7 form-factors and long-distance sensitivity 
from photon penguins
+ at leading power in Λ/mb (only), FF and LD drop out/
controllable in suitable angular observables
- power corrections can have sizable effect on some angular
observables in some q2 ranges

• Hadronic observables: even larger in number
- even more complicated theory (more reliance on heavy-
quark expansions, or else “plausible” dynamical assumptions
+ sheer number is large: data-driven modelling of LD?

dedicated session in afternoon



• hence

hence 

- “naively factorizing” part of the helicity amplitudes HV,A+ strongly 
suppressed as a consequence of chiral SM weak interactions 
- We see the suppression is particularly strong near low-q2 endpoint
- Form factor relations imply reduced uncertainties in suitable observables
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Beyond the SM, HV and HA may receive extra contributions from modified Wilson co-

e⇤cients C7, C9, C10, as well as the parity-conjugate operators if present. Furthermore, in

the most general BSM there will a be further “scalar” and three “tensor” amplitudes. None

of this, however, matters for tensioning the data against the SM. On the other hand, the

fact that C9 always appears in linear combination with h� illustrates that particular care is

needed in attributing the data to a BSM value of this coe⇤cient, as was done in [? ]. (The

situation is better for C7 or its counterpart C ⇥
7, which can be picked out by considering the

q2 ⇥ 0 region [1], which is also related to B ⇤ K�⇥ and B ⇤ Xs⇥ decay.)

A. Minimal parameterisation of nonperturbative QCD

The helicity form factors V (⇤) and T (⇤) replace the more traditional transversity form

factors, to which they are related by a change of basis (of quark bilinears), i.e. the two sets

are related by linear relations. In either basis they obey certain algebraic constraints, and

further ones in the heavy-quark limit.

In practice, they make for very simple helicity amplitudes, eliminating awkward kinematic

factors, and the algebraic and heavy-quark limit constraints look particularly simple. In [1],

a parameterisation of the following form wa suggested for the form factors:

F (q2) = F⇤(q2) + aF + bF q
2/m2

B +O([q2/m2
B]

2). (3)

Here F denotes any form factor, F⇤(q2) = F⇤(0)/(1� q2/m2
B)

p +�F (�s; q2) carries the q2

dependence of the heavy-quark limit, with p = 2 or 3 depending on the form factor. The

first term follows from heavy-quark scaling relations when neglecting �s [3], and the second

term is computable in QCD factorization [4] as convolutions of perturbative (in �s) kernels

and light-cone distribution amplitudes of the B and K�. aF , bF and the remainder term in

(3) are all of order ⇥/mB in the heavy-quark expansion [4]. Note that the heavy-quark limit

only fixes F⇤(0) up to a power correction; in particular we can absorb aF into F⇤(0) and

replace F⇤(0) ⇤ F (0) in (3) for a given form factor.

The parameterisation (3) amounts to Taylor-expanding the power-suppressed part about

q2 = 0; higher-order terms should be below (1-2%) for q2 < 6 GeV2 throughout the low-q2

region and smaller still at the lower end, and will be neglected in the following.
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�imBV�(q2) = ⌅M(⇥)|s̄�/�(⇥)PLb|B̄⇧,

m2
BT�(q2) = ��µ(⇥)q⇤⌅M(⇥)|s̄⇤µ⇤PRb|B̄⇧,

imBS(q2) = ⌅M(⇥ = 0)|s̄PRb|B̄⇧

(similar to Bharucha et al.’10)

Form factors in the helicity basis
I T± related to T1,2, T0 related to T2,3

I V± related to V , A1 and V0 to A1,2, S related to A0

These form factors verify

T+(q2) = O(q2)⇥O(�/mb),

V+(q2) = O(�/mb).

J. Martin Camalich (Brighton) B ⇤ K⇥`+`� at the low-q2 endpoint September 10, 2012 5 / 15
Burdman, Hiller 1999
(quark picture)

from heavy-quark/
large energy 
symmetry

[SJ @ LHCb 2013, Aspen 2014, ...]

                                                       constrained
from heavy-quark limit [?] (argument relies on 
properties of vector light-cone DA)

form factors in 
helicity basis               

Bharucha et al 2011
SJ, Martin Camalich 2012

In [1], a parameterisation of the following form was suggested for the form factors:

F (q2) = F1(q2) + aF + bF q
2/m2

B +O([q2/m2
B]

2). (9)

Here F denotes any helicity form factor and F1(q2) = F1(0)/(1 � q2/m2
B)

p + �F (↵s; q2)

carries the q2 dependence of the heavy-quark limit: the q2-dependence of the first term, with

p = 2 for � = �1 and p = 3 for � = 0, follows from heavy-quark scaling relations when

neglecting ↵s [3], while the correction �F is unambiguously computable in QCD factoriza-

tion [4] in terms of F1(0) and convolutions of perturbative (in ↵s) kernels with light-cone

distribution amplitudes of the B and K⇤; for � = +1, F1(q2) vanishes altogether in the

heavy-quark limit J: I’m a little confused by the notation. Are the ↵s (vertex) corrections to

the soft FFs inside �F (↵s; q2)? These come multiplied by ⇠?,k(q2) and not by LCDAs. Yes,

thanks. Changed notation and wording.. The remainder F (q2)� F1(q2) issuppressed by a

power of ⇤/mB [4], and its q2-dependence is not known. In (9), we have Taylor-expanded it

about q2 = 0; as the heavy-light currents with quantum numbers [s̄b] cannot create states

with invariant mass < m2
Bs
, the form factors have no singularity in a circle of radius m2

Bs

about the origin in the complex q2 plane, such that this amounts to an expansion in the

dimensionful ratio q2/m2
Bs

with coe�cients of (at most) order ⇤/mB. In particular, the

remainder term in (9) should be below (1-2)% throughout the low-q2 region q2 < 6 GeV2,

and will be neglected in the following. Other parameterisations are possible (for example

z-series), but in so far as they imply correlations between the a and b-terms, they require

extra dynamical input/assumptions, and in practice introduce model dependence (e.g mod-

elling of local parton hadron duality violation in light-cone sum rule calculations). Note

that while the heavy-quark limit fixes the q2 dependence of F1 completely, F1(0) is only

determined up to a power correction; in particular for � = �1, 0 we can absorb aF into

F1(0) and replace F1(0) ! F (0) in (9) for a given form factor. J: We could do the same

for bF . i prefer not to, but I think this was one of the points of Quimo. Quimo, I think,

is misguided: We could indeed mimic the e↵ect of bF by modifying the q2 dependence of

the HQ limit. But a) this would have to happen separately for each full form factor, not

just in the two soft form factors, as the power corrections do not respect the HQ relations!

And b) this would just be an example of mixing up the power correction modelling with the

otherwise well-defined leading-order expressions, and make a discussion of power correction

uncertainties intransparent (what is a reasonable range for the extra parameters? I think
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P5’ power-correction dependence

~ +/- 0.03 for either power correction parameter corresponds to a 10% power 
correction & is sufficient to bring data in agreement with SM theory

Drawing conclusions based on this observable requires sufficient accuracy 
on the form factor calculations (not even considering nonfactorizable long-
distance effects yet). 

Argument relies only on the functional dependence of P5’ on form factors and 
holds irrespectively of statistical treatments, assumptions on soft form factors 
at q2=0, etc.
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[SJ, J Martin Camalich JHEP 1305 
(2013) 043, arXiv:1212.2263;
SJ @LHCb 10/2013, Aspen 2014, etc;
SJ, J Martin Camalich, to appear]
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Beyond the SM
• New physics can modify the Z

penguin ....

... induce a Higgs penguin ...

... or induce (or comprise) four-fermion
contact interactions directly

• for the most general effective
Hamiltonian,

where
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could also 
violate lepton 
flavour

(Similar results have recently been obtained from a QCD sum rule analysis [18].)
If the lepton spins are not measured, the branching ratio for the case l = µ takes the

general form

B (B̄q → µ+µ−) =
G2

Fα2M3
Bq

f 2
Bq

τBq

64π3
|VtbV

∗
tq|2

√
1 − 4m̂2

µ

{
(1 − 4m̂2

µ)|FS|2 + |FP + 2m̂µFA|2
}

,

(3.6)

with the notation m̂µ ≡ mµ/MBq and the dimensionless form factors

FS,P = MBq

[
cS,Pmb − c′S,Pmq

mb + mq

]
, FA = c10 − c′10. (3.7)

In the SM, the contributions involving the neutral Higgs boson are completely negligible,
and so B (B̄q → µ+µ−) ∝ m̂2

µ, which is a consequence of helicity suppression.4 Finally,
allowing the input parameters in Eq. (3.6) to vary over the interval in Eq. (3.5), and using
the ranges for the CKM factors given in Ref. [1], the ratio of decay rates of B̄d,s → µ+µ−

within the SM is expected to be in the range

0.02 ! RSM ! 0.05, (3.8)

which is largely due to the imprecisely known CKM elements.

IV. HIGGS-BOSON CONTRIBUTIONS TO THE DECAYS B̄d,s → l+l−

We now turn to the computation of the scalar and pseudoscalar Wilson coefficients in
the b → ql+l− transition arising from gluino and neutralino exchange diagrams within the
general MSSM. As mentioned earlier, we perform our calculation in the large tanβ regime
(i.e. 40 " tan β " 60). For the remaining contributions (W±, H±, χ̃±) to these short-
distance coefficients, we refer to Refs. [2, 5–7].

The relevant box and penguin diagrams are depicted in Fig. 1, where H0, h0, A0 and
G0 are the neutral Higgs and would-be-Goldstone bosons respectively, l̃a are the charged
sleptons, d̃a denote the down-type squarks, χ̃0

k are the neutralinos, and g̃ represents the
gluino. We perform the calculation in the ’t Hooft-Feynman gauge, using the Feynman rules
of Ref. [19], and adopting the on-shell renormalization prescription described in Ref. [2].

In our subsequent calculation, we will exploit the tree-level relations

M2
A0 = M2

H − M2
W , M2

H0 + M2
h0 = M2

A0 + M2
Z , (4.1)

sin 2α

sin 2β
= −

(
M2

H0 + M2
h0

M2
H0 − M2

h0

)
,

cos 2α

cos 2β
= −

(
M2

A0 − M2
Z

M2
H0 − M2

h0

)
, (4.2)

where MA0 and MH are the masses of the CP-odd and charged Higgs boson respectively.
Mh0,H0 and α are the masses and mixing angle in the CP-even Higgs sector. This leaves two
free parameters in the Higgs sector that we choose to be MH and tanβ.

4Because the B meson has spin zero, both µ+ and µ− must have the same helicity.
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[Bobeth, Ewerth, Kruger, Urban 2002] 



Global fits

• Outside the scalar operators,
Bs➔µ+µ- not a competitive constraint

• Patterns in data (“LHCb anomaly”), not (in my opinion) 
significant

[Altmannshofer, Paradis, Straub 2012; 
Altmannshofer, Straub 2013;
Bobeth, Hiller, van Dyk 2011-2012;
Beaujean, Bobeth, van Dyk 2013, ...]
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FIG. 3. Credibility regions obtained from the fit in the SM+SM0 model. We show the results of the full dataset after the
EPSHEP 2013 conference at 68% CL (dark red) and 95% CL (light red). The black diamond and the black cross represent the
projections of the SM point and the best-fit point to the respective 2D plane.

C. Fit in the extended SM+SM0 basis

We proceed with fitting the SM-like and chirality-
flipped Wilson coe�cients in the SM+SM0 scenario. Us-
ing the full dataset we obtain a good fit with p values
between 0.14 and 0.17 in four well-separated solutions A0

through D0, best seen in the 2D-marginalized (C
7

� C
7

0)
plane in fig. 3. Here A0 and B0 denote solutions that
show the same signs of the Wilson coe�cients C

7,9,10 of
the SM operator basis as the solutions A and B in the
previous section, and C 0 and D0 denote further solutions.
Of all four solutions, A0 and B0 dominate over C 0 and D0

in terms of the posterior mass:

RA0 : RB0 : RC0 : RD0 = 39% : 41% : 5% : 15% .

The 2D-marginalized (Ci � Ci0) planes (i = 7, 9, 10)
are shown in fig. 3 with the SM point and the projec-
tion of the best-fit points in each solution A0 through
D0. Note that the projection of the best-fit point can
deviate from the position of the modes of the marginal-
ized distributions. This can be seen by comparison with
the 1D marginalized probability intervals in tab. IX. Un-
like in the SM scenario it is not possible to disentan-
gle the individual solutions A0 through D0 within the 1D
marginalized posterior distributions. In order to compare
our findings with [47] we choose those subintervals that
contain the SM-like signs for C

7,9,10 and find at 68% CL

�
7

= +0.01+0.02
�0.05 , �

9

= �0.8+0.2
�0.5 , �

10

= �0.1+0.6
�0.5 .

This is in agreement with the findings of [47]. The best
fit points for C

7

0,90,100 of [47] fall into the intervals given
in tab. IX, with larger deviations from the modes of the
1D posterior distributions. The SM prediction C

7

0,100 = 0
is contained at 68% CL in the 1D marginalized posterior
distributions, whereas C

9

0 = 0 is excluded at 68% CL. In
the 2D marginalized (C

9

– C
9

0) plane the SM is excluded

at 95% CL, dominantly due to a shift in C
9

, see fig. 3. The
additional NP contributions in chirality-flipped operators
in scenario SM+SM0 can address the tension in the mea-
surement of hP 0

5

i
[1,6]. However, the previously mentioned

large pull values for hFLi
[1,6], hBi

[16,19], hP 0
4

i
[14.18,16] and

hA
FB

i
[16,19] remain almost unchanged (see tab. X). This

corroborates the findings of [31, 47] that the pull value
of hP 0

4

i
[14.18,16] can not be pushed below 2�.

Assuming the prior ranges were shrunk to only one
quarter of those given in sec. II and fully contain A0, an
individual fit to the SM-like solution A0 would yield

P (SM+SM0|full)
P (SM(⌫-only)|full)

���
A0

= 1 : 22 . (IV.8)

Thus the NP hypothesis with chirality-flipped Wilson co-
e�cients is disfavored in comparison to the SM(⌫-only)
hypothesis. However, the data favor SM+SM0 over SM
with 100 : 22 (note (IV.7) and (IV.8) are based on the
same prior volume for the common Wilson coe�cients).

In the SM+SM0 the size of subleading contributions
to transversity amplitudes � = 0 (k) becomes reduced to
about �5% (+5%) for ⇣L�

K⇤ , in contrast to ⇣L?
K⇤ , which

remains large. The small shifts we observe in these be-
tween the SM and SM+SM0scenarios suggest a common
property to ease the tensions between predictions and
data, that is shared by the ⇣L�

K⇤ and the chirality flipped
Wilson coe�cients . It is therefore desirable to better
understand size, chirality structure and q2-dependence
of the power corrections.

V. CONCLUSIONS

Our results indicate that the standard model provides
an adequate description of the available measurements
of rare leptonic, semileptonic, and radiative B decays.
Compared to our previous analysis [30], we determine the

Beaujean, Bobeth, van Dyk 2013

Altmannshofer, Paradisi 2013



Impact of Bs➔µ+µ- 

• Bs➔µ+µ- provides strong constraints on scalar/pseudoscalar 
operators

[CQ1  = mb CS, CQ2 = mb CP]

• in other words, basically fully complementary to 
semileptonic decays

Arbey, Battaglia, Mahmoudi, 
Martinez Santos 1212.4887

Figure 9: Variation of the untagged BR(B
s

! µ+µ�) in the plane (C10, CQ1). The dotted
vertical lines delimit the range of C10 in the CMSSM, and dashed lines the range in the pMSSM.

Figure 10: Constraints from BR(B
s

! µ+µ�) in the (M
A

, tan �) and (M
A

,m
t̃1
) parameter

planes. The black points corresponds to all the valid pMSSM points and those in grey to the
points for which 123 < M

h

< 129 GeV. The dark green points in addition are in agreement
with the latest BR(B

s

! µ+µ�) range given in Eq. (3.15), while the light green points are in
agreement with the prospective LHCb BR(B

s

! µ+µ�) range given in Eq. (3.16). The red line
indicates the region excluded at 95% C.L. by the CMS A/H ! ⌧+⌧� searches (from [54]).

The BR(B
s

! µ+µ�) dependence on the C10 and C
Q1 = �C

Q2 Wilson coe�cients in the
minimal flavour violation (MFV) framework [55, 56] is shown in Fig. 9. It is instructive to
observe that the values of BR(B

s

! µ+µ�) can decrease down to 0 for C10 = C
Q1 = 0.

However, in the pMSSM, the variation of C10 is limited to the interval [-5.0,-2.6], even when
applying constraints from B ! K⇤µ+µ� observables, so that the lowest value which can be

13

pMSSM range



In SM, higgs couplings flavour diagonal
   (proportional mass matrix)

In MSSM, 3 neutral higgses, 2 vevs vu, vd
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MSSM - large tan β



In SM, higgs couplings flavour diagonal
   (proportional mass matrix)

In MSSM, 3 neutral higgses, 2 vevs vu, vd
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Figure 1: Vertex corrections in the SU(2)×U(1) symmetry limit. Diagrams a) and b) give

rise to corrections (∆uYd)JI , diagrams c) and d) to corrections (∆dYu)JI .

3 Effective Parameters and Couplings

The mass matrices of the down- and up-type quarks can be obtained by replacing the

neutral scalar fields in (2.1) and (2.2) by their vacuum expectation values. One finds

that the down-type-quark mass matrix M̂d receives tanβ enhanced corrections both to

the diagonal and non-diagonal entries, whereas the corresponding corrections to M̂u are

negligible. M̂d is then diagonalized by the appropriate rotations of the dL and dR fields.

Except for the charged Higgs boson H+ couplings in which loop correction ∆dYu matters,

the four effects listed in the Introduction result from performing these rotations on the dL

and dR fields in the interaction vertices in (2.1) and (2.2).

In the full approach that goes beyond the SU(2) × U(1) symmetry limit [13], the

corrections to M̂d are found by calculating directly the self-energy diagrams of the down-

type-quarks. The resulting formulae are rather complicated and are presented in [13] where

also the derivation of the formulae in the SU(2) × U(1) limit is described in detail.

Below we give the formulae that summarize the effects 1)–4) in the SU(2) × U(1)

symmetry limit. The quark fields in these formulae are mass eigenstates of the one-loop

4

MSSM - large tan β



In SM, higgs couplings flavour diagonal
   (proportional mass matrix)

In MSSM, 3 neutral higgses, 2 vevs vu, vd

                       

M
d
ij = vdY

d
ij + vu∆ij

parametrically 
large if vu ≫ vd 

qI dc
J

g̃ g̃

QI Dc
J

H(u)

gs gs

µ ydJ
δJI

a)

qI dc
J

H̃(u) H̃(d)

U c
K QJ

H(u)

yuK
VKI ydJ

AuyuK
V ∗

KJ

b)

qI uc
Jgs gs

g̃ g̃

QI U c
J

µ yuJ
VJI

H(d)

c)

qI uc
J

H̃(d) H̃(u)

Dc
I QK

Ad ydI
δKI

H(d)

ydI yuJ
VJK

d)

Figure 1: Vertex corrections in the SU(2)×U(1) symmetry limit. Diagrams a) and b) give

rise to corrections (∆uYd)JI , diagrams c) and d) to corrections (∆dYu)JI .

3 Effective Parameters and Couplings

The mass matrices of the down- and up-type quarks can be obtained by replacing the

neutral scalar fields in (2.1) and (2.2) by their vacuum expectation values. One finds

that the down-type-quark mass matrix M̂d receives tanβ enhanced corrections both to

the diagonal and non-diagonal entries, whereas the corresponding corrections to M̂u are

negligible. M̂d is then diagonalized by the appropriate rotations of the dL and dR fields.

Except for the charged Higgs boson H+ couplings in which loop correction ∆dYu matters,

the four effects listed in the Introduction result from performing these rotations on the dL

and dR fields in the interaction vertices in (2.1) and (2.2).

In the full approach that goes beyond the SU(2) × U(1) symmetry limit [13], the

corrections to M̂d are found by calculating directly the self-energy diagrams of the down-

type-quarks. The resulting formulae are rather complicated and are presented in [13] where

also the derivation of the formulae in the SU(2) × U(1) limit is described in detail.

Below we give the formulae that summarize the effects 1)–4) in the SU(2) × U(1)

symmetry limit. The quark fields in these formulae are mass eigenstates of the one-loop

4

tan β=vu/vd 

MSSM - large tan β



In SM, higgs couplings flavour diagonal
   (proportional mass matrix)

In MSSM, 3 neutral higgses, 2 vevs vu, vd

                       

M
d
ij = vdY

d
ij + vu∆ij

parametrically 
large if vu ≫ vd 

qI dc
J

g̃ g̃

QI Dc
J

H(u)

gs gs

µ ydJ
δJI

a)

qI dc
J

H̃(u) H̃(d)

U c
K QJ

H(u)

yuK
VKI ydJ

AuyuK
V ∗

KJ

b)

qI uc
Jgs gs

g̃ g̃

QI U c
J

µ yuJ
VJI

H(d)

c)

qI uc
J

H̃(d) H̃(u)

Dc
I QK

Ad ydI
δKI

H(d)

ydI yuJ
VJK

d)

Figure 1: Vertex corrections in the SU(2)×U(1) symmetry limit. Diagrams a) and b) give

rise to corrections (∆uYd)JI , diagrams c) and d) to corrections (∆dYu)JI .

3 Effective Parameters and Couplings

The mass matrices of the down- and up-type quarks can be obtained by replacing the

neutral scalar fields in (2.1) and (2.2) by their vacuum expectation values. One finds

that the down-type-quark mass matrix M̂d receives tanβ enhanced corrections both to

the diagonal and non-diagonal entries, whereas the corresponding corrections to M̂u are

negligible. M̂d is then diagonalized by the appropriate rotations of the dL and dR fields.

Except for the charged Higgs boson H+ couplings in which loop correction ∆dYu matters,

the four effects listed in the Introduction result from performing these rotations on the dL

and dR fields in the interaction vertices in (2.1) and (2.2).

In the full approach that goes beyond the SU(2) × U(1) symmetry limit [13], the

corrections to M̂d are found by calculating directly the self-energy diagrams of the down-

type-quarks. The resulting formulae are rather complicated and are presented in [13] where

also the derivation of the formulae in the SU(2) × U(1) limit is described in detail.

Below we give the formulae that summarize the effects 1)–4) in the SU(2) × U(1)

symmetry limit. The quark fields in these formulae are mass eigenstates of the one-loop

4

Yukawa becomes 
flavour-violating

relevant hadronic matrix elements [20]. Details are given in [6, 13, 17]. CLR
2 in (4.3) agrees

with the corrected version of [12].

For large tanβ one has MH0 ≈ MA0 , cos2(α − β) ≈ 0 and sin2(α − β) ≈ 1 and we find

(∆Ms)
DP = −12.0/ps ×

[

tanβ

50

]4 [

P LR
2

2.50

]

[

FBs

230 MeV

]2
[

|Vts|
0.040

]2

×
[

mb(µt)

3.0GeV

] [

ms(µt)

0.06GeV

] [

m4
t (µt)

M2
W M2

A

]

ε2
Y (16π2)2

(1 + ε̃3 tan β)2(1 + ε0 tan β)2
. (4.4)

We recall that for large tanβ the H0 and A0 contributions to the first two diagrams in

fig. 2 cancel each other [1, 6] and as the contribution of h0 can be neglected in this limit,

the total contributions of these two diagrams are very small.

2. At large tan β the branching ratios BR(B0
s,d → µ+µ−) are fully dominated by the

diagrams in fig. 3 [1, 2, 3, 4]. Following [21] we find

BR(B0
s → µ+µ−) = 2.32 × 10−6

[

τBs

1.5 ps

]

[

FBs

230 MeV

]2
[

|V eff
ts |

0.040

]2
[

|c̃S|2 + |c̃P |2
]

. (4.5)

Here c̃S and c̃P are the dimensionless Wilson coefficients c̃S = MBscS and c̃P = MBscP

with cS and cP being properly normalized (see [21]) Wilson coefficients of the operators

OS = mb(bRsL)(l̄l), OP = mb(bRsL)(l̄γ5l). (4.6)

h0,H0,A0

bR

sL, dL

l−

l+

tan2 β tan β

Figure 3: Dominant diagrams contributing to B0
s,d → l+l− decays at large tanβ.

Using the vertices in (3.5) one finds from the diagrams of fig. 3 [12, 13]

cS ≈ −
mµm2

t

4M2
W

16π2εY tan3 β

(1 + ε̃3 tan β)(1 + ε0 tanβ)

[

−
sin(α − β) cos α

M2
H0

+
cos(α − β) sin α

M2
h0

]

. (4.7)

cP ≈ −
mµm2

t

4M2
W

16π2εY tan3 β

(1 + ε̃3 tan β)(1 + ε0 tanβ)

[

1

M2
A0

]

. (4.8)
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V ∗

tbVt(s,d) tan
2β mb

tan β=vu/vd 

MSSM - large tan β



In SM, higgs couplings flavour diagonal
   (proportional mass matrix)

In MSSM, 3 neutral higgses, 2 vevs vu, vd

                       

M
d
ij = vdY

d
ij + vu∆ij

[Choudhury&Gaur 99; Hamzaoui, Pospelov, 
Toharia 99; Babu, Kolda 99; Isidori, Retico; 
Buras et al 02; Foster et al 04-06,...]

BR(Bs → µµ) ∝ tan6 β

parametrically 
large if vu ≫ vd 

qI dc
J

g̃ g̃

QI Dc
J

H(u)

gs gs

µ ydJ
δJI

a)

qI dc
J

H̃(u) H̃(d)

U c
K QJ

H(u)

yuK
VKI ydJ

AuyuK
V ∗

KJ

b)

qI uc
Jgs gs

g̃ g̃

QI U c
J

µ yuJ
VJI

H(d)

c)

qI uc
J

H̃(d) H̃(u)

Dc
I QK

Ad ydI
δKI

H(d)

ydI yuJ
VJK

d)

Figure 1: Vertex corrections in the SU(2)×U(1) symmetry limit. Diagrams a) and b) give

rise to corrections (∆uYd)JI , diagrams c) and d) to corrections (∆dYu)JI .

3 Effective Parameters and Couplings

The mass matrices of the down- and up-type quarks can be obtained by replacing the

neutral scalar fields in (2.1) and (2.2) by their vacuum expectation values. One finds

that the down-type-quark mass matrix M̂d receives tanβ enhanced corrections both to

the diagonal and non-diagonal entries, whereas the corresponding corrections to M̂u are

negligible. M̂d is then diagonalized by the appropriate rotations of the dL and dR fields.

Except for the charged Higgs boson H+ couplings in which loop correction ∆dYu matters,

the four effects listed in the Introduction result from performing these rotations on the dL

and dR fields in the interaction vertices in (2.1) and (2.2).

In the full approach that goes beyond the SU(2) × U(1) symmetry limit [13], the

corrections to M̂d are found by calculating directly the self-energy diagrams of the down-

type-quarks. The resulting formulae are rather complicated and are presented in [13] where

also the derivation of the formulae in the SU(2) × U(1) limit is described in detail.

Below we give the formulae that summarize the effects 1)–4) in the SU(2) × U(1)

symmetry limit. The quark fields in these formulae are mass eigenstates of the one-loop

4

Yukawa becomes 
flavour-violating

relevant hadronic matrix elements [20]. Details are given in [6, 13, 17]. CLR
2 in (4.3) agrees

with the corrected version of [12].

For large tanβ one has MH0 ≈ MA0 , cos2(α − β) ≈ 0 and sin2(α − β) ≈ 1 and we find

(∆Ms)
DP = −12.0/ps ×

[

tanβ

50

]4 [

P LR
2

2.50

]

[

FBs

230 MeV

]2
[

|Vts|
0.040

]2

×
[

mb(µt)

3.0GeV

] [

ms(µt)

0.06GeV

] [

m4
t (µt)

M2
W M2

A

]

ε2
Y (16π2)2

(1 + ε̃3 tan β)2(1 + ε0 tan β)2
. (4.4)

We recall that for large tanβ the H0 and A0 contributions to the first two diagrams in

fig. 2 cancel each other [1, 6] and as the contribution of h0 can be neglected in this limit,

the total contributions of these two diagrams are very small.

2. At large tan β the branching ratios BR(B0
s,d → µ+µ−) are fully dominated by the

diagrams in fig. 3 [1, 2, 3, 4]. Following [21] we find

BR(B0
s → µ+µ−) = 2.32 × 10−6

[

τBs

1.5 ps

]

[

FBs

230 MeV

]2
[

|V eff
ts |

0.040

]2
[

|c̃S|2 + |c̃P |2
]

. (4.5)

Here c̃S and c̃P are the dimensionless Wilson coefficients c̃S = MBscS and c̃P = MBscP

with cS and cP being properly normalized (see [21]) Wilson coefficients of the operators

OS = mb(bRsL)(l̄l), OP = mb(bRsL)(l̄γ5l). (4.6)

h0,H0,A0

bR

sL, dL

l−

l+

tan2 β tan β

Figure 3: Dominant diagrams contributing to B0
s,d → l+l− decays at large tanβ.

Using the vertices in (3.5) one finds from the diagrams of fig. 3 [12, 13]

cS ≈ −
mµm2

t

4M2
W

16π2εY tan3 β

(1 + ε̃3 tan β)(1 + ε0 tanβ)

[

−
sin(α − β) cos α

M2
H0

+
cos(α − β) sin α

M2
h0

]

. (4.7)

cP ≈ −
mµm2

t

4M2
W

16π2εY tan3 β

(1 + ε̃3 tan β)(1 + ε0 tanβ)

[

1

M2
A0

]

. (4.8)
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V ∗

tbVt(s,d) tan
2β mb

tan β=vu/vd 

(for minimal 
flavour violation) 

MSSM - large tan β



Bs➔µ+µ-: MSSM, large tan β

• Both enhancement or suppression possible. Due to SM-
BSM interference .

Haisch, Mahmoudi 1210.7806

Figure 1: Results for Mh (upper left), Rb (upper center), R⌧ (upper right), R� (center
left), m⌧̃1 (center), RXs (center right), Rµ+µ� (lower left), �aµ (lower center), and
⌦

DM

h2 (lower right) in the t� = 60 scenario. The Higgs-boson and lighter stau masses
are given in units of GeV. The dotted black lines indicate the parameter regions with
R� > 1, while the dashed black lines correspond to the 95%CL regions favoured by
B ! Xs�. See text for details.

agreement between the di↵erent programs for most of the observables. The biggest numerical
di↵erences arise for the Higgs-boson mass and its branching ratios. In the former (latter) case
we find relative changes of typically below 5% (10%). The observed di↵erences can be traced
back, on the one hand, to the use of di↵erent renormalisation prescriptions (DR vs. on-shell
scheme) and, on the other hand, to the di↵erent treatment of higher-order perturbative cor-
rections. The quoted relative errors give an indication of the theoretical uncertainty plaguing
our calculations of the Higgs-boson observables, and we will comment on its impact on our
numerical analysis below. For a detailed comparisons between the publicly available programs
dealing with the mass of the Higgs boson in the MSSM, we refer to [74].

14

tanβ= 60; dashed line: B->Xs gamma favoured

also Altmannshofer, Carena et al 12



MSSM - small tan β
• Z penguin contributions now

relatively more important and
interference effects possible

complete 1-loop calculation in general MSSM

implemented in public computer program “SUSY_FLAVOR”

(in this plot the Z penguin does not receive large 
contributions, in general it can)

[Dedes, Rosiek, Tanedo 2008]
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Figure 3: Contributions to B(B0
s,d → µ+µ−) from various parts with the parameters in

Eq. (3.7). Left: Contributions from the diagrams in Fig. 1 versus δ23
dLR. Right: Magnitude

of the form factors appearing in Eqs. (2.6 – 2.9) versus δ23
dLR.

The cancellation is easy to understand if one independently considers the contributions

to the branching ratio from each diagram, as shown on the left in Fig. 3. The ‘Box’, ‘Higgs’

and ‘Z’ lines indicate the value of B(B0
s → µ+µ−) given by only the listed contribution with

all others set to zero. The total prediction for B(B0
s → µ+µ−) is also indicated. We observe

that in the cancellation region the Higgs- and Z-penguin magnitudes are comparable while

the box contribution is negligible. This is suggestive of a cancellation between the second

and third class of diagrams in Fig. 1. To observe this cancellation we individually plot the

absolute values of the form factors FS,P and 2mµFA of Eqs. (2.6 – 2.9) in the right panel of

Fig. 3. At the minimum point of the total branching ratio (thick-dashed line in left panel

of Fig. 3) |FP | is approximately equal to |2mµFA| and |FS| is negligibly small. This can be

explained from the form of Eqs. (2.6) and (2.7). If one assumes δ23
dLR = (δ32

dLR)
!
, then CSLR

and CSRL, the two Wilson coefficients most sensitive to the variation of δ23
dLR, have similar

sizes and opposite sign and thus interfere destructively in the amplitude.

Bounds on the δ parameters governing squark flavour mixing have been presented in

the literature using the mass insertion approximation (MIA). In particular, Refs. [38] and

[39] bound |δ23
d LL| <∼ 0.3 and |δ23

d LR| <∼ 0.02 for a particular point in the parameter space,

mq̃ = M3 = 350 GeV. On the other hand, the results in Fig. 3 arise from an extensive

scan of the experimentally allowed parameter space without resorting to MIA3. Thus the

3Note that references to the δ-parameter in this paper are mainly for comparison and presentation.

Any other parameter that characterizes the squark mixing would also be appropriate. Recall that our

calculation is not based on expanding this parameter around zero and keeping only leading terms (MIA

approximation). Instead, we numerically diagonalize all relevant squark matrices and plug the result into

the expressions given in the Appendix.

12

[Rosiek, Chankowski, Dedes, SJ,  Tanedo 2010]

even suppression 
below SM possible

(numerics outdated post Higgs discovery; see references on previous slide )



Randall-Sundrum
• Warped extra-dimensional models

“explain” SM flavour structure
by localizing the SM degrees of
freedom differently in the extra
dimension. Higher Kaluza-Klein states of the gauge bosons
have tree-level FCNC couplings to the SM particles

Casagrande et al, arXiv:0912.1625

µ
+

µ
−

Bs

Figure 14: Prediction for B(Bd � µ+µ�) versus B(Bs � µ+µ�) (upper left), B(B �
Xd⇤⇤̄) versus B(B � Xs⇤⇤̄) (upper right), and B(B � Xs⇤⇤̄) versus B(Bs � µ+µ�)
(lower panel). All panels show results obtained in benchmark scenario S1. The black
crosses indicate the SM point, while the blue scatter points reproduce the measured
values of |�K |, the Z0bb̄ couplings, and Bd–B̄d mixing at 95%, 99%, and 95% CL. In the
upper left panel the current 95% CL upper limit on B(Bs � µ+µ�) from DØ and the
minimum branching fraction allowing for a 5⌅ discovery at LHCb are indicated by the
red band and dashed line, respectively. The orange dotted lines in the upper panels
represent the CMFV correlation between the two purely leptonic/semileptonic modes,
while the orange dotted curve in the lower panel indicates the model-independent
prediction obtained under the assumption that only left-handed operators contribute
to the branching fractions. See text for details.

We now move onto the rare semileptonic modes. The predictions for B(B � Xd⇤⇤̄) versus
B(B � Xs⇤⇤̄) corresponding to the benchmark scenario S1 are shown in the upper right

71

f (m)

f (n)

f ′ (m′)

f ′ (n′)
V (k)

f (m)

f (n)

f ′ (m′)

f ′ (n′)
h

Figure 1: Contributions to the e⇥ective four-fermion interactions arising from the tree-
level exchange of the gauge bosons V = ⇥, g, Z0, W± and their KK excitations (left),
and of the Higgs boson (right).

3.1 Exchange of KK Photons and Gluons

We begin with a discussion of the interactions induced by the exchange of KK photons and
gluons. The graph on the left in Figure 1 shows an example of a diagram giving rise to such
contributions. The relevant sums over KK modes can be evaluated by means of (I:34). In the
case of KK photon exchange, we find that the e⇥ective Hamiltonian at low energies is given
by

H(�)
e� =

2⌅�

M2
KK

⌥

f,f �

Qf Qf �

⇧
1

2L

�
f̄⇥µf

⇥ �
f̄ ⇥⇥µf

⇥⇥� 2
�
f̄L⇥µ�⇥

F fL + f̄R⇥µ�⇥
ffR

⇥ �
f̄ ⇥⇥µf

⇥⇥

+ 2L
⇤
f̄L⇥µ  �F fL + f̄R⇥µ  �ffR

⌅
⇤
⇤
f̄ ⇥

L⇥µ
 �F �f ⇥

L + f̄ ⇥
R⇥µ

 �f �f ⇥
R

⌅⌃
.

(8)

Here the sum over fermions implicitly includes the sum over all KK modes. The matrices �⇥
A

have been defined in (I:122). These are infinite-dimensional matrices in the space of flavor
and KK modes. In addition, we have defined the new mixing matrices (with F = U,D and
f = u, d, and similarly in the lepton sector) [36]

� �F

⇥
mn
⇤
� �f �

⇥
m�n� =

2⌅2

L2⇤2

� 1

⇥

dt

� 1

⇥

dt⇥ t2<

⇥
⌦
a(F )†

m C(Q)
m (⇧) C(Q)

n (⇧) a(F )
n + a(f)†

m S(f)
m (⇧) S(f)

n (⇧) a(f)
n

↵

⇥
⌦
a(f �)†

m� C(f �)
m� (⇧⇥) C(f �)

n� (⇧⇥) a(f �)
n� + a(F �)†

m� S(Q)
m� (⇧⇥) S(Q)

n� (⇧⇥) a(F �)
n�

↵
,

(9)

etc. Notice that the matrices  �A ⇤  �B are not defined individually, but only as tensor
products, as indicated by the ⇤ symbol. The couplings to SM fermions are encoded in the
upper-left 3⇥3 blocks of each  �A⇤  �B matrix. We emphasize that the result (8) is exact. In
particular, no expansion in powers of v2/M2

KK has been performed. The e⇥ective interactions
arising from KK gluon exchange have a very similar structure, except that we need to restrict
the sum over fermions in (8) to quarks and replace � Qf Qf � by �s ta ⇤ ta, where the color
matrices ta must be inserted inside the quark bi-linears.

The four-fermion operators induced by KK gluon exchange give the by far dominant (lead-
ing) contribution to the e⇥ective weak Hamiltonians describing K–K̄ (Bd,s–B̄d,s and D–D̄)

7

Figure 16: Br(Bs → µ+µ−) versus Br(Bd → µ+µ−). The straight line represents the

CMFV correlation and the black point the SM prediction.

Figure 17: sin 2βK
X / sin(2β +2ϕBd

) as a function of Sψφ. The departure from unity (solid

line) measures the size of non-MFV effects. The black point represents the SM prediction.
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Blanke et al, arXiv:0812.3803v3

without  /  with  custodial protection
higgs on IR brane

(should apply post Higgs discovery)



Little(st) Higgs (with T parity)
• Higgs is pseudo-Goldstone

boson. Implies new particles with
non-MFV couplings

• enter at 1 loop through Z penguin,
finite calculable contribution

• effect less pronounced
than in MSSM or RS but
should be distinguishable
from Standard Model

[Blanke et al 0906.5454]
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Figure 6: Br(Bs ⌅ µ+µ�), normalised to its SM value, as a function of S⇥�.

upper bound Br(KL ⌅ µ+µ�)SD < 2.5 · 10�9, displayed by the solid line in Fig. 5, turn

out to be possible only with some parameter tuning.

Though the CKM suppression in rare kaon decays makes the K system a particularly

advantageous environment to look for NP e⇥ects, also the Bd,s systems certainly deserve

great attention, mainly so the clean rare decays Bd,s ⌅ µ+µ� and the phase of B0
s � B̄0

s

mixing. The latter observable does not receive contribution from the Z0-penguin and

therefore from the previously missed O(v2/f 2) term, nevertheless we wish to update its

LHT prediction here since the data [83–85] hints towards a possibly sizable deviation

[86, 87] from the tiny SM value. On the other hand, Br(Bd,s ⌅ µ+µ�) are a⇥ected by

that O(v2/f 2) contribution which is included here.

In Fig. 6 we show the ratio Br(Bs ⌅ µ+µ�)/Br(Bs ⌅ µ+µ�)SM as a function of S⇥�.

We observe that Br(Bs ⌅ µ+µ�) can be enhanced by at most 30% over its SM value,

and is bounded from below by the SM prediction. Observing a significant enhancement

or a suppression of Br(Bs ⌅ µ+µ�) with respect to the SM would thus put the LHT

model in severe di⌅culties. The CP-asymmetry S⇥� can vary in the range [�0.4,+0.5],

though values larger than 0.2 are quite unlikely. This means that the experimental value

0.2 ⇤ S⇥� ⇤ 1.0 (95% C.L.), obtained by the UTfit collaboration [61,87] by combining

the CDF [83] and DØ [84] data1, can be explained within the LHT model, though with

some tuning of the LHT parameters.

Very interesting is the golden relation between Br(Bd,s ⌅ µ+µ�) and the mass

di⇥erences �Md,s, which can be written as [88]

Br(Bs ⌅ µ+µ�)

Br(Bd ⌅ µ+µ�)
=

B̂Bd

B̂Bs

⇥(Bs)

⇥(Bd)

�Ms

�Md
r . (5.3)

1We note that a 2.2� discrepancy with the SM prediction is obtained by the HFAG collaboration [64].

11

[Goto et al 0809.4753]

[de Aguila et al 0811.2891]

(should apply post Higgs discovery)



Conclusions
• Rare leptonic decays are NP-sensitive and theoretically 

clean; followed by the kinematically rich rare semileptonic 
decays

• Bs,d➔µ+µ- stand out clearly from theory clean-ness, price to 
pay is few observables and tiny rates

• They can still have O(1) new physics contributions in spite 
of constraints from elsewhere.

• and CMS/LHCb appear sensitive to both BR(Bs,d➔µ+µ-) 
down to the SM value

• Without a theory of flavour, we cannot predict hierarchies 
between BR(Bs➔µ+µ-) and BR(Bd➔µ+µ-), or even between 
lepton-flavour-conserving and violating modes

• Should also look beyond Bs➔µ+µ- where feasible (µ+e-, e
+e-  ?  Bd  ! ). (If encouragement is needed.)



Backup



Form factors
Helicity amplitudes naturally involve helicity form factors

(& rescale helicity-0 form factors by kinematic factor.)
Can be expressed in terms of traditional “transversity” FFs

The form factors satisfy two exact relations:

note - M can be multiparticle state. Eg for a two-pseudoscalar state

~ Bharucha et al 2010
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The helicity amplitudes HV , HA, HP , HS are related to the “standard” helicity ampli-

tudes [18, 39] as follows,

H�L/R = i
⌥
f
1

2
(HV (⇥)⇥HA(⇥)), At = i

⌥
q2

2m⇣

⌥
f HP , AS = �i

⌥
f HS , (2.13)

where f is a normalization factor, which for M = K⇥ and the conventions of [39] is equal

to F defined in section 2.3 below. The helicity amplitudes H±1,L(R) are often expressed in

terms of transversity amplitudes,

A⌃L(R) =
1⌥
2
(H+1,L(R) +H�1,L(R)), A⇧L(R) =

1⌥
2
(H+1,L(R) �H�1,L(R)). (2.14)

However, we will work with helicity amplitudes throughout this paper, for reasons to

become clear below. Explicitly, we have

HV (⇥) = �iN

⇧
C9ṼL� + C ⌅

9ṼR� +
m2

B

q2

⇤
2 m̂b

mB
(C7T̃L� + C ⌅

7T̃R�)� 16⇤2h�

⌅⌃
, (2.15)

HA(⇥) = �iN(C10ṼL� + C ⌅
10ṼR�), (2.16)

HTR(⇥) = �iN
4 m̂bmB

mW

⌥
q2

CT T̃L�, (2.17)

HTL(⇥) = �iN
4 m̂bmB

mW

⌥
q2

C ⌅
T T̃R�, (2.18)

HS = iN
m̂b

mW
(CSS̃L + C ⌅

SS̃R), (2.19)

HP = iN

⇧
m̂b

mW
(CP S̃L + C ⌅

P S̃R)

+
2m⇣m̂b

q2

⇤
C10

�
S̃L � ms

mb
S̃R

⇥
+ C ⌅

10

�
S̃R � ms

mb
S̃L

⇥⌅⌃
, (2.20)

where

N = �4GFmB⌥
2

e2

16⇤2
⇥t

is a normalisation factor,

h� ⇤ i

m2
B

�µ⇥(⇥)ahadµ (2.21)

contains the contribution from the hadronic hamiltonian, i.e. all non-factorizable e�ects,

and we have defined helicity form factors

� imBṼL(R)�(q
2) = ⌅M(⇥)|s̄�/⇥(⇥)PL(R)b|B̄⇧, (2.22)

m2
BT̃L(R)�(q

2) = �⇥µ(⇥)q⇤⌅M(⇥)|s̄⌅µ⇤PR(L)b|B̄⇧, (2.23)

imBS̃L(R)(q
2) = ⌅M(⇥ = 0)|s̄PR(L)b|B̄⇧. (2.24)

These expressions are still general enough to describe an arbitrary charmless final state

M . Concretely, for a two-spinless-meson final state, not necessarily originating from a

resonance, the form factors will carry dependence on the dimeson invariant mass k2 and

its angular momentum L, in addition to the dilepton invariant mass q2.
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Note that parity invariance of strong interactions implies the relations

ṼL� = ��(�1)LṼR,�� ⇤ Ṽ�, (2.25)

T̃L� = ��(�1)LT̃R,�� ⇤ T̃�, (2.26)

S̃L = ��(�1)LS̃R ⇤ S̃, (2.27)

where s and � are (respectively) the angular momentum and intrinsic parity of M . For a

resonance, its spin s replaces L. Hence there are seven independent helicity form factors for

spin ⌅ 1 and three for spin 0 (when ⇥ = 0). Helicity form factors have previously been used

in the literature as a technical vehicle in constraining form factors from unitarity [74]. As

we will explain in detail below, helicity form factors are also preferable over the standard

basis for form factors in weak decays: not only do they simplify the expressions, but some of

them are systematically suppressed, which can and should be exploited to reduce important

sources of uncertainty.

We also find it convenient to define rescaled helicity-0 form factors as

V0(q
2) =

2mB

⌥
q2

⇥1/2
Ṽ0(q

2),

T0(q
2) =

2m3
B⌥

q2⇥1/2
T̃0(q

2),

S(q2) = �2mB(mb +ms)

⇥1/2
S̃(q2), (2.28)

where ⇥ = 4m2
B|✓k|2 (✓k is the 3-momentum of the recoiling meson in the B̄ rest frame),

and also define V±1(q2) ⇤ Ṽ±1(q2), T±1(q2) ⇤ T̃±1(q2). The helicity form factors can be

expressed in terms of the traditional form factors. For a vector, we then have (conventions

for polarisation vectors and form factors in appendix A)

V±(q
2) =

1

2

⇧⇤
1 +

mV

mB

⌅
A1(q

2)⇥ ⇥1/2

mB(mB +mV )
V (q2)

⌃
,

V0(q
2) =

1

2mV ⇥1/2(mB +mV )

�
(mB +mV )

2(m2
B � q2 �m2

V )A1(q
2)� ⇥A2(q

2)
⇥
,

T±(q
2) =

m2
B �m2

V

2m2
B

T2(q
2)⇥ ⇥1/2

2m2
B

T1(q
2),

T0(q
2) =

mB

2mV ⇥1/2

⇧
(m2

B + 3m2
V � q2)T2(q

2)� ⇥

(m2
B �m2

V )
T3(q

2)

⌃
,

S(q2) = A0(q
2), (2.29)

We also have VR� = �V��, TR� = �T��, SR = �SL.

For a pseudoscalar, we have

V0(q
2) = if+(q

2), (2.30)

T0(q
2) = i

2mB

(mB +mP )
fT (q

2), (2.31)

S(q2) =
1 + ms

mb

1� ms
mb

m2
B �m2

M

⇥1/2
f0(q

2). (2.32)

In this case, VR0 = V0, TR0 = T0, SR = S.
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For a pseudoscalar, we have

V0(q
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2), (2.30)
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– 8 –

L = angular momentum
η = intrinsic parity  
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3 Helicity amplitudes: anatomy, hierarchies, and hadronic uncertainties

The helicity amplitudes governing the observables involve form factors and the nonlocal ob-

jects h�, all of which carry hadronic uncertainties, limiting the sensitivity of rareB decays to

new physics. However, hadronic uncertainties can be constrained by means of the equations

of motion, the V �A structure of the weak hamiltonian, and an expansion in �/mb (QCD

factorization). Our main point is that this results in the suppression of entire helicity am-

plitudes, including non-factorizable e⇥ects, such that the discussion is indeed best framed

in terms of helicity (rather than transversity) amplitudes and helicity form factors. We first

translate what is known about the form factors to the helicity basis, including the fact that

the heavy-quark limit implies the suppression of two of them [20]. We next survey how this

bears out in various theoretical approaches to form factor determinations, concluding with

a brief argument for the suppression of the positive-helicity form factors in the framework

of light-cone sum rules, at the level of the correlation function. We then show that the

V �A structure also implies suppression of the “charm-loop” contribution to the nonlocal

positive-helicity amplitude h+1, building on a method introduced in [46]. In addition, we

show that the same conclusion applies to hadronic resonance models for the “light-quark”

contributions to h�, once known experimental facts about the helicity structure of B̄ ⇤ V V

are incorporated (which can be theoretically understood on the same basis).

3.1 Form factors

The B̄ ⇤ M form factors are nonperturbative objects. In the following, we restrict our-

selves to the B̄ ⇤ V case. First-principles lattice-QCD computations are becoming avail-

able [75, 76], although they will be restricted for the foreseeable future to the region of

slow-moving V (high q2). A state-of-the-art method of obtaining form factors at low q2

is given by QCD sum rules on the light cone (see [69, 77]). This involves, unfortunately,

certain irreducible systematic uncertainties which are di⌅cult to quantify. Sum rules are

also useful in guiding extrapolations of high-q2 lattice-QCD results [74].

3.1.1 Theoretical constraints on form factors at low q2

The form factors fulfil two exact relations that in the helicity basis take the form

T+(q
2 = 0) = 0, (3.1)

S(q2 = 0) = V0(0). (3.2)

At large recoil, i.e. small q2, one has further relations which hold up to corrections of

O(�/mb) but to all orders in �s. As a result, the seven form factors are given, at leading

power in �/mb and �/E (where E ⇥ EV is itself of order mb for low q2), in terms of only

two independent soft form factors [70], ⇥� and ⇥⇥, with radiative corrections systematically

calculable in QCDF [71] as a perturbative expansion in �s. These corrections also involve

nonperturbative objects such as decay constants and light-cone distribution amplitudes

(LCDAs) of the initial and final mesons. The factorization properties and calculation of

radiative corrections become particularly transparent when formulated as a matching of
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