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The context
• The Higgs discovery at LHC run I completes the 

Standard Model. No compelling deviations from theory, 
but some anomalies (mainly in flavour physics).

• This is in contrast to theory expectations, or at least 
hopes (such as light superpartners).

• Need to revisit preconceptions/prejudices, eg move 
beyond CMSSM etc. Likely to be data-driven, by 
upcoming high-luminosity LHC run and non-LHC 
intensity-frontier and precision-frontier experiments. 

• The “obvious” next step is precision Higgs physics 
(branching ratios etc). I will argue that this is on equal 
footing with a much larger class of measurements 
including flavour violation, anomalous SM particle 
properties, etc.

• The UK PP community is a main player across the board
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Why and what BSM physics?
Discovery of a fundamental scalar makes the naturalness 
problem real, i.e. more severe than ever. If there is a physical 
scale M above MZ, as suggested by near-unification of 
couplings, the baryon asymmetry, neutrino masses, gravity,... 
then the weak scale is unstable to quantum corrections.

Naturalness problem is (mostly) caused
by top Yukawa, a flavour-specific term

Physics addressing naturalness should
be flavourful, too

This happens in supersymmetry, extra dim/composite Higgs, ...
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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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correction
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†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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BSM flavour
  
The new particles’ couplings tend to mediate flavour changes 
(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.

Of course BSM particles will mediate
flavour-conserving processes, too.
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Flavour constrains the new physics scale...

                                                      (D and Bs CP violation
                               c                      constraints are expt limited;
                                             K       K and Bd, at the moment,
                                         the         theory limited)

... and its flavour-symmetry-breaking structure
Eg supersymmetry (MSSM) is minimally flavour violating (and 
the EW symmetry unbroken) in the absence of soft SUSY 
breaking; non-minimal flavour violation probes the SUSY 
breaking mechanism.

EW scale 
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(1) Indirect probe of BSM physics beyond direct reach
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Fig. 1. Result of the SM CKM fit projected onto the ⇥̄ � �̄ plane, as obtained by the UTFit
(left)1 and CKMfitter (right)2 collaborations. Shown shaded are the 95% C.L. regions selected by
the given observables.

In order to interpret results of experimental measurements involving hadronic
initial and final states, a final step needs to involve non-perturbative matching to an
e⇥ective description involving QCD bound states Le�

weak � Le�(�, N,K,D,B, . . .) ,
i.e. the computation of hadronic ⇥Qi⇤ matrix elements. It has predominantly been
due to the tremendous improvements in lattice QCD approaches to such calculations
that propelled the field into the era of precision flavor constraints (for discussion on
recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining
the SM quark flavor sector, it has become possible to complete the above sketched
program even in presence of new sources of SM flavor symmetry breaking, i.e. flavor
changing transitions among SM quarks mediated by new heavy degrees of freedom
with masses mNP � v and described by a Lagrangian LBSM. At scales µ below
the new particle thresholds but above the EW breaking scale (v < µ < mNP ), any
such e⇥ects can be described in complete generality in terms of local operators (Qi)
involving only SM fields6 via the matching procedurea

LBSM � L�SM +
�

i,(d>4)

Q(d)
i

�d�4
, (4)

where d is the canonical operator dimension. Below the EW breaking scale, these
new contributions can lead to (a) shifts in the Wilson coe⇤cients corresponding to
Qi present in Le�

weak already within the SM; (b) the appearance of new e⇥ective local
operators. In both cases, the resulting e⇥ects on the measured flavor observables can
be computed systematically. Given the overall good agreement of SM predictions

aA simple generalization of such matching applies even in presence of weakly coupled new light
(neutral) particles with masses well below the weak scale.7

LH
C

108

FC
N
C
s

{{

Origin of flavor
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?

Why flavor matters in the LHC era?

CPV in D, Bs only constraints not (yet) theory limited

⇒ effective null-tests within SM

J Kamenik, Beach 2014
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What BSM effects?
Heavy physics with mass scale M described by local effective 
Lagrangian at energies below M

Effective Lagrangian dimension-5,6 terms describes all BSM 
physics to O(E2/M2) accuracy. Systematic & simple.

Higgs physics (production & decay) probes 19 operators

B physics O(100) operators (more if lepton flavour violation)

Lepton flavour violation O(100)

(Top physics in principle many more, mostly 3-body hadronic 
decays.)
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Q(1)
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ud (ūpγµur)(d̄sγµdt) Q(8)

qu (q̄pγµTAqr)(ūsγµTAut)
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ud (ūpγµTAur)(d̄sγµTAdt) Q(1)

qd (q̄pγµqr)(d̄sγµdt)

Q(8)
qd (q̄pγµTAqr)(d̄sγµTAdt)

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

Qledq (l̄jper)(d̄sq
j
t ) Qduq εαβγεjk

[
(dαp )

TCuβr
] [
(qγjs )TClkt

]

Q(1)
quqd (q̄jpur)εjk(q̄ksdt) Qqqu εαβγεjk

[
(qαjp )TCqβkr

] [
(uγs )

TCet
]

Q(8)
quqd (q̄jpT

Aur)εjk(q̄ksT
Adt) Q(1)

qqq εαβγεjkεmn

[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q(1)
lequ (l̄jper)εjk(q̄

k
sut) Q(3)

qqq εαβγ(τ Iε)jk(τ Iε)mn

[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut) Qduu εαβγ
[
(dαp )

TCuβr
] [
(uγs )

TCet
]

Table 3: Four-fermion operators.

isospin and colour indices in the upper part of Tab. 3. In the lower-left block of that table,
colour indices are still contracted within the brackets, while the isospin ones are made explicit.
Colour indices are displayed only for operators that violate the baryon number B (lower-right
block of Tab. 3). All the other operators in Tabs. 2 and 3 conserve both B and L.

The bosonic operators (classes X3, X2ϕ2, ϕ6 and ϕ4D2) are all Hermitian. Those containing
X̃µν are CP-odd, while the remaining ones are CP-even. For the operators containing fermions,
Hermitian conjugation is equivalent to transposition of generation indices in each of the fermionic
currents in classes (L̄L)(L̄L), (R̄R)(R̄R), (L̄L)(R̄R), and ψ2ϕ2D2 (except for Qϕud). For the
remaining operators with fermions, Hermitian conjugates are not listed explicitly.

If CP is defined in the weak eigenstate basis then Q−
(+)

Q† are CP-odd (-even) for all the
fermionic operators. It follows that CP-violation by any of those operators requires a non-
vanishing imaginary part of the corresponding Wilson coefficient. However, one should remem-
ber that such a CP is not equivalent to the usual (“experimental”) one defined in the mass
eigenstate basis, just because the two bases are related by a complex unitary transformation.

Counting the entries in Tabs. 2 and 3, we find 15 bosonic operators, 19 single-fermionic-
current ones, and 25 B-conserving four-fermion ones. In total, there are 15+19+25=59 inde-
pendent dimension-six operators, so long as B-conservation is imposed.

4

Buchmuller, Wyler 1986
Grzadkowski, Misiak, Iskrzynski, Rosiek 2010

operators (vertices) are catalogued for 
arbitrary (heavy) new physics

Only trace of BSM physics is in their 
(Wilson) coefficients

eg Crivellin, Najjari, Rosiek 2013
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What UK activities?
UK has an large and influential flavour physics community
   LHCb (11 UK groups)
   NA62 (rare kaons)   
   SHIP (light dark sector)
   COMET/PRISM (charge lepton flavour violation)
   g-2 (anomalous muon magnetic moment)
   
   further related activities covered in different sessions
   (neutrinos, EDM,...), also ATLAS/CMS B-physics

   growing flavour theory/phenomenology activity
   spread across at least 7 institutions  (Sussex, Southampton,
   UCL, Oxford, Liverpool, Durham, Edinburgh)

   strong interconnection with UK & lattice QCD

   theory/experiment workshops, often led by UK researchers

   In 2014 alone, three international flavour conferences in UK
   (Flasy IV / Sussex&So’ton, Beauty XV/Edinburgh,
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What measurements?

Lepton flavour violation
COMET/PRISM

light dark sector
SHIP

Rare K decays
NA62

B and D physics
LHCb

muon g-2
FNAL
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What measurements?

strong interconnection/synergy with lattice QCD 
community - UK major player (UKQCD, HPQCD, ...)

Lepton flavour violation
COMET/PRISM

light dark sector
SHIP

Rare K decays
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B and D physics
LHCb

muon g-2
FNAL
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(and international) 
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2015 2016 2017 2018 2019
Q4 Q1 Q2

2020 2021
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q3 Q4

2022 2023 2024 2025 2026 2027 2028

Q1 Q2 Q3 Q4 Q1 Q2Q3 Q4 Q1 Q2 Q3 Q4Q1 Q2 Q3

Q1 Q2 Q3 Q4Q1 Q2 Q3 Q4 Q1 Q2 Q1 Q2 Q3 Q4

2029 2030 2031 2032 2033 2034

Q3 Q4 Q1 Q2 Q3 Q4Q1 Q2 Q3 Q4 Q1 Q2Q3 Q4

Q2 Q3 Q4 Q1 Q2 Q3
2035

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q4Q2 Q3 Q4 Q1 Q2 Q3Q4 Q1 Q2 Q3 Q4 Q1

Only EYETS (19 weeks)   (no Linac4 connection during Run2)  
LS2  starting in 2018 (July) 18 months + 3months BC (Beam Commissioning) 
LS3 LHC: starting in 2023 => 30 months + 3 BC 
 injectors: in 2024       => 13 months + 3 BC 
 

LHC schedule beyond LS1 

Run 2 Run 3 

Run 4 

LS 2 

LS 3 

LS 4 LS 5 Run 5 

LHC schedule  approved by CERN management and LHC experiments 
spokespersons and technical coordinators 
Monday 2nd December 2013 

Time covered by this proposal

further running
into 2030s

Figure 1: Timing of the proposal in the LHC context.

difficult to measure, but which may show deviations from the Standard Model expectation mf/v, where mf is
the bottom or top mass and v the electroweak symmetry breaking scale. The difficulties again have to do with
theoretical limitations in the Standard Model backgrounds. Our proposal will overcome this limitation by
opening up large numbers of B-physics observables for the BSM search, and by translating B-physics
techniques to open up new avenues in Higgs physics and top physics.

ii) Even if all the steps for connecting a BSM model to a precision indirect observable are known, it is in
practice a difficult multi-scale problem that is time-consuming to implement and full of pitfalls. As a result,
many of the best works on BSM model building have tended to neglect, these observables. For example, in
the Randall-Sundrum scenario, it took the better part of a decade for flavour constraints to be correctly taken
into account and their severity to be realized [12, 13, 14], and to be able to further inform the search for the
of the next Standard Model. We will perform a full matching for the MSSM, for a generic composite-
Higgs model, and for a generic warped extra dimension, and compare these models to data from the
indirect measurements; and we will develop tools to allow to connect them to observables easily and
automatically.

Our results will also be published as ready-to-use tools, to allow a degree of automation comparable to
what is now available in high-pT observables, allowing rapidly to connect a 4D or 5D Lagrangian to data.

The world-leading results anticipated here will, individually and in their entirety, open up new avenues
in the search for fundamental physics, and will not be available elsewhere on the timescale of the project.
Over the course of five years, this research project will allow me to establish a focussed and powerful group
that is world-leading and innovative in both flavour and collider physics, building on my world leadership in
B physics and earlier successes in attracting funding, setting up and growing particle phenomenology at my
institution, and training and managing researchers.

Section b: Methodology

The present proposal overcomes is organized along two interrelated directions (threads) of work (Figure 2).
Thread 1 boosts the potential of indirect observables to discover and constraining New Physics, by calculating
a large number of LHC observables in terms of the BSM effective field theory, optimizing observables to
maximize sensitivity to specific effective couplings, and reducing theoretical errors through conceptual and
computational advances. This includes large numbers charmless hadronic B decays, a measurement of the
bottom Yukawa coupling with exclusive Higgs decays, and angular observables in top production and decay.
Thread 2 comprises matching of candidate BSM field theories, both of the four-dimensional and five-dimen-
sional type, to the BSM effective field theory and assessing them against data, including the new observables
of thread 1, to discover the symmetry structure of the TeV scale dynamics. An important final outcome will
be an easy-to-use, fast, public computer program allowing to link the Lagrangian of a 4D or 5D model with
an arbitrary field content and gauge group to data, to be put at the hands of and link the theoretical and
experimental communities.

The rest of this section section gives a detailed plan how these tasks will be achieved, with the two threads
broken down further into several subprojects. The PI will work on all of these subprojects, and will be

3

LHC(b)

NA62            10-12/2014 low-intensity run; 2015/16/17 full runs
                  10% measurement of BR(K+ -> pi+ nu nu)

SHIP             Search for HIdden Particles (CERN/SPS)                        
                  early stages; data taking anticipated for 2020’s

COMET/        2016 (data)? 
                      measure BR(Al µ-  -> Al e-) to 10-17 accuracy

                   (factor 10000 improvement relative to PSI Au limit)
PRISM       further factor 200 improvement  

g-2                2017 (beam)?
                     factor 4 improvement on precision of
                     µ anomalous magnetic moment
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            mixing
• flavour violation:                                               A(M̄0 → M

0) ∝ M12 −
i

2
Γ12 $= 010 S. Jäger: Supersymmetry beyond minimal flavour violation

3.1.3 Lower scales

In a purely leptonic decay such as τ → µγ, the matrix
element of the weak hamiltonian can be simply calculated
in perturbation theory. (In fact, in this case the use of the
weak Hamiltonian is not very essential due to the absence
of large radiative corrections.) For the large amount of
data that involve hadrons, one has only

A(i → f) =
∑

k

Ck(µ)〈f |Qk(µ)|i〉 ≡
∑

k

Ck(µ)Bk(i, f),

(49)
where µ is optimally chosen of order of the mass of i. The
hadronic matrix elements 〈f |Qk(µ)|i〉 are usually nonper-
turbative and only calculable in some cases. The latter in-
clude matrix elements for meson-antimeson mixing, which
can be obtained using numerical lattice QCD methods.
Other methods include QCD sum rules based on the op-
erator product expansions (for inclusive and some exclu-
sive B, as well as hadronic τ decays) and collinear expan-
sions (for some exclusive B decays), chiral perturbation
theory in K decays, and the use of approximate flavour
symmetries of QCD to reduce the number of independent
hadronic matrix elements; all of these have systematics
controlling which is a theoretical challenge.

3.2 K0 − K̄0, B0 − B̄0, Bs − B̄s, and D0 − D̄0 mixing

Meson mixings are ∆F = 2 processes. At one loop, the
effective ∆F = 2 hamiltonian to meson-antimeson oscil-
lations is solely due to box diagrams. Complete operator
bases have been given in [1,47]. For ∆B = ∆S = 2 tran-
sitions (Bs − B̄s mixing), one choice consists of the five
operators

Q1 = (s̄a
Lγµba

L)(s̄b
Lγ

µbb
L), (50)

Q2 = (s̄a
Rba

L)(s̄b
Rbb

L), (51)

Q3 = (s̄a
Rbb

L)(s̄b
Rba

L), (52)

Q4 = (s̄a
Rba

L)(s̄b
Lbb

R), (53)

Q5 = (s̄a
Rbb

L)(s̄b
Lba

R) (54)

(a, b colour indices), plus operators Q̃1,2,3 obtained by flip-
ping the chiralities of all fermions in Q̃1,2,3. The operator
basis for Bd− B̄d, D0− D̄0, and K0−K̄0 mixing are iden-
tical up to obvious substitutions of quark flavours (in the
case of K0−K̄0 and D0−D̄0 mixing, there are also sizable
“long-distance” contributions which cannot be written in
terms of local four-quark operators at the weak scale).

Only Q1 is generated in the SM (to excellent approxi-
mation), following from W − t boxes (Fig. 2.) This results
in

CSM
1 =

G2
F M2

W

16π2
(VtbV

∗
ts)

24 S(xt), (55)

where S [48] is listed in appendix A. SM NLO QCD cor-
rections are reviewed in [46].

Supersymmetric contributions have been computed in
[1,49,50,51,52,53,54,55,56]. Since each δ changes flavour

dLi dLj

dLidLj

u, c, t

u, c, t

W W

Fig. 2. SM diagram for neutral meson-antimeson mixing. (Di-
agrams including Goldstone bosons in Rξ gauge not shown.)

by one unit, the leading contributions are of second or-
der in these parameters. The simplest way to obtain the
second-order terms is to work in the “mass-insertion ap-
proximation”, where the off-diagonal sfermion-mass-matrix
elements are treated as perturbations (Fig. 3). For in-
stance, for two LL mass insertions, diagram 3 (a) (to ze-
roth order in external momenta, and neglecting mass dif-
ferences between the squarks in the loop) is proportional
to

∫

d4k
k2(M2

d̃LL
)2sb

(k2 − m2
g̃)

2(k2 − m2
q̃)

4

=
(δd̃

sb)
2
LL

6

(m2
q̃)

2d2

(dm2
q̃)

2

∫

d4k
k2

(k2 − m2
g̃)

2(k2 − m2
q̃)

2
.(56)

The full result for the gluino-squark contributions reads [1]

C1 = −ε[24xf6(x) + 66f̃6(x)] (δd̃
sb)

2
LL, (57)

C̃1 = −ε[24xf6(x) + 66f̃6(x)] (δd̃
sb)

2
RR, (58)

C2 = −ε 204xf6(x) (δd̃
sb)

2
RL, (59)

C̃2 = −ε 204xf6(x) (δd̃
sb)

2
LR, (60)

C3 = ε 36xf6(x) (δd̃
sb)

2
RL, (61)

C̃3 = ε 36xf6(x) (δd̃
sb)

2
LR, (62)

C4 = −ε[504xf6(x) − 72f̃6(x)] (δd̃
sb)LL(δd̃

sb)RR

+ε 132f̃6(x) (δd
sb)LR(δd̃

sb)RL, (63)

C5 = −ε[24xf6(x) + 120f̃6(x)] (δd̃
sb)LL(δd̃

sb)RR

+ε 180f̃6(x) (δd̃
sb)LR(δd̃

sb)RL. (64)

Here (δd̃
ij)RL ≡ (δd̃

ji)
∗
LR, ε = α2

s/(216 m2
q̃) , x = m2

g̃/m2
q̃,

and f6(x), f̃6(x) are dimensionless loop functions (ap-
pendix A)

There are also chargino-up-squark contributions. These
can be competitive with the gluino-squark contributions
if the charginos are lighter than the gluinos, as tends to

q b

b q

W W

u, c, t

u, c, t

q b

b q
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hj
b s
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OPE (mB/mW)
∑
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case of K0−K̄0 and D0−D̄0 mixing, there are also sizable
“long-distance” contributions which cannot be written in
terms of local four-quark operators at the weak scale).

Only Q1 is generated in the SM (to excellent approxi-
mation), following from W − t boxes (Fig. 2.) This results
in

CSM
1 =

G2
F M2

W

16π2
(VtbV

∗
ts)

24 S(xt), (55)

where S [48] is listed in appendix A. SM NLO QCD cor-
rections are reviewed in [46].

Supersymmetric contributions have been computed in
[1,49,50,51,52,53,54,55,56]. Since each δ changes flavour

dLi dLj

dLidLj

u, c, t

u, c, t

W W

Fig. 2. SM diagram for neutral meson-antimeson mixing. (Di-
agrams including Goldstone bosons in Rξ gauge not shown.)

by one unit, the leading contributions are of second or-
der in these parameters. The simplest way to obtain the
second-order terms is to work in the “mass-insertion ap-
proximation”, where the off-diagonal sfermion-mass-matrix
elements are treated as perturbations (Fig. 3). For in-
stance, for two LL mass insertions, diagram 3 (a) (to ze-
roth order in external momenta, and neglecting mass dif-
ferences between the squarks in the loop) is proportional
to

∫

d4k
k2(M2

d̃LL
)2sb

(k2 − m2
g̃)

2(k2 − m2
q̃)

4

=
(δd̃

sb)
2
LL

6

(m2
q̃)

2d2

(dm2
q̃)

2

∫

d4k
k2

(k2 − m2
g̃)

2(k2 − m2
q̃)

2
.(56)

The full result for the gluino-squark contributions reads [1]

C1 = −ε[24xf6(x) + 66f̃6(x)] (δd̃
sb)

2
LL, (57)

C̃1 = −ε[24xf6(x) + 66f̃6(x)] (δd̃
sb)

2
RR, (58)

C2 = −ε 204xf6(x) (δd̃
sb)

2
RL, (59)

C̃2 = −ε 204xf6(x) (δd̃
sb)

2
LR, (60)

C3 = ε 36xf6(x) (δd̃
sb)

2
RL, (61)

C̃3 = ε 36xf6(x) (δd̃
sb)

2
LR, (62)

C4 = −ε[504xf6(x) − 72f̃6(x)] (δd̃
sb)LL(δd̃

sb)RR

+ε 132f̃6(x) (δd
sb)LR(δd̃

sb)RL, (63)

C5 = −ε[24xf6(x) + 120f̃6(x)] (δd̃
sb)LL(δd̃

sb)RR

+ε 180f̃6(x) (δd̃
sb)LR(δd̃

sb)RL. (64)

Here (δd̃
ij)RL ≡ (δd̃

ji)
∗
LR, ε = α2

s/(216 m2
q̃) , x = m2

g̃/m2
q̃,

and f6(x), f̃6(x) are dimensionless loop functions (ap-
pendix A)

There are also chargino-up-squark contributions. These
can be competitive with the gluino-squark contributions
if the charginos are lighter than the gluinos, as tends to

+

q b

b q

W W

u, c, t

u, c, t

q b

b q

W W

u, c, t

u, c, t

b

b

s

hi

hj
b s

hi

hj hk

b s

hi
hj

.

1

M2

W

1

M2

W

b s

b̄s̄

OPE (ΛQCD/mB)

q b

b q

W W

u, c, t

u, c, t

q b

b q

W W

u, c, t

u, c, t

b

b

s

hi

hj
b s

hi

hj hk

b s

hi
hj

.

Qi

only operator present in SM              

+ 3 more

b

b̄s̄

s ∑
ci

M12

Γ12
c, u

no NP contribution to Γ12 unless NP lighter than mB or NP 
significantly affects b->c decays (which are tree-level size in the SM)         

∆M = 2|M12|

∆Γ

Im

B(s) − B̄(s)
mixing-
induced 

CP violation

?

LHCb
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B mixing: status
Only 3 independent observables in mixing, cannot disentangle  
different operators. Instead fit to transition amplitude M12 
(normalised to SM)

Average involving
D0, CDF, ATLAS, CMS
data.

Average dominated by
LHCb and CMS.

see Matt Needham’s talk for updates, prospects and details
CKMfitter, based on Lenz et al 2010,2012
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 final state             strong dynamics       #obs    NP enters through    

Leptonic
              

semileptonic,
radiative

charmless hadronic

Crucial theory input provided by lattice QCD.

Phenomenology: QCD factorisation, light-cone sum rules, fits

Intense theory-experiment interaction, 5 workshops  

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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Ex: P5’ parametric 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 
effects)

This conclusion relies solely on the functional dependence of P5’ and holds 

irrespectively of statistical treatments, assumptions on soft form factors at 
q2=0, etc.

l"6"'E"'8"(9'(69T",(89,,"8&9'%(

�0.05 0.00 0.05

�0.05

0.00

0.05

aVm

aV
p

A[B>(

A[AA(

=9I">(m((((((A[AC(4%('954'$7(%4P"(9N($(>Ac(69T",(89,,"8&9'(-'9,5$74P"E(I9(
((((((((((((((((((((IJ648$7(KK(O$7."%(A[C(
=9I"(B\\(((((;nGZb1;(9'7J(\(o.%I(B(9.I(9N(p(69T",(89,,"8&9'(6$,$5"I",%q(

b?r((M>[[dQ(e"YB(

LHCb central value contour
1 sigma

plot in plane of two 
form factor power 
correction parameters

relating to V+ and V-, 
respectively

(there are 10 power-
correction parameters 
to order q2/mB2)

SM central value

[SJ, J Martin Camalich JHEP 1305 
(2013) 043, arXiv:1212.2263;
SJ @LHCb 10/2013, Aspen 2014, etc;
SJ, J Martin Camalich, to appear]

a V
+

aV-

Global fits
Various theorists: fits to (mostly) B->K* l l angular distribution.

Tension with SM, driven largely
by a single bin of a single
angular coefficient (S5 ~ P5’)

Strongly depends on QCD
power corrections

LHCb 3 fb-1 update eagerly awaited

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

-3

-2

-1

0

1

2

3

ReHC7NPL

Re
HC 9N

P L

FL

AFB

S5

BÆK mm

BÆ
X s
g

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

-3

-2

-1

0

1

2

3

ReHC7' L

Re
HC 9N

P L

FL

AFB
S5

BÆK mm

S K
*
g

Figure 3: Constraints in the CNP
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plane (left) and the C 0
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plane (right).
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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 2013Altmannshofer, Paradisi 2013

[Altmannshofer, Paradis, Straub 2012; 
Altmannshofer, Straub 2013;
Descotes-Genon, Matias, Virto 2013;
Bobeth, Hiller, van Dyk 2011-2012;
Beaujean, Bobeth, van Dyk 2013, ...]

SM

“LHCb anomaly”
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... and more
Bs,d➔µ+µ- (and their ratio)
    highly BSM sensitive

Lepton universality tests with rare B decays
    clean BSM probe

bottom and charm spectroscopy
   important for QCD development (NRQCD, QCD potential...)

CKM angle gamma determinations
   needed to determine SM “backgrounds” to BSM effects
   accurately. Very strong UK presence.
   Eg CP violation in Bs mixing, charmless hadronic B decays

... and much more (see Matt Needham’s talk)

Beyond LHCb: Belle 2 (Japan) is on its way, will do a number 
of BSM-sensitive measurements LHCb cannot do.
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Operator O
b
se

rv
ab

le

K
+
→

π
+
ν
ν̄

K
L
→

π
0
ν
ν̄

K
L
→

π
0
#+

#−

K
L
→

#+
#−

K
+
→

#+
ν

P
T
(K

+
→

π
0
µ

+
ν
)

∆
C

K
M

ε′
/ε

ε K in MSSM?

O(1)
lq (D̄LγµSL)(L̄LγµLL) ! ! ! hs − − − − − !

O(3)
lq (D̄LγµσiSL)(L̄LγµσiLL) ! ! ! hs hs ! ! − − !

Oqe (D̄LγµSL)(l̄RγµlR) − − ! hs − − − − − small

Old (d̄RγµsR)(L̄LγµLL) ! ! ! hs − − − − − small

Oed (d̄RγµsR)(l̄RγµlR) − − ! hs − − − − − small

O†
lq (ūRSL) · (l̄RLL) − − − − ! ! ! − − tiny (?) (PQ ?)

(Ot
lq)

† (ūRσµνSL) · (l̄RσµνLL) − − − − − ? ? − − tiny (?)

Oqde (d̄RSL)(L̄LlR) − − ! ! − − − − − tiny (?) (PQ ?)

O†
qde (D̄LsR)(l̄RLL) − − ! ! ! ! ! − − yes? large tanβ ?

O(1)
ϕq (D̄LγµSL)(H†DµH) ! ! ! hs − − − ! (!) !

O(3)
ϕq (D̄LγµσiSL)(H†DµσiH) ! ! ! hs hs ! ! ! (!) !

Oϕd (d̄RγµsR)(H†DµH) ! ! ! hs − − − ! (!) large tan β (non-MFV)

2

Rare K processes

SJ at 2010 NA62 workshop

NA62
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e20% precision on ε’/ε seems achievable over timescale of first NA62 run 
with upcoming RBC/UKQCD lattice calculation
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a more exciting scenario
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Charged lepton flavour violation
1) Very suppressed in the SM
     (             )

2) New flavour violation in SUSY (for example)

in SUSY GUTs, correlated with quark flavour
and usually 

Easy to saturate current experimental bounds
e.g.
     

 also              ,             ,             ,            conversion in nuclei, etc
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(e)

mν ≈ 0
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BR(τ → µγ) < 4.5 · 10−8 Belle 0705.0650 [hep-ex]

τ → 3" µ → e

BR(τ → µγ) < 4.4 · 10−8 Babar 1006.0314 [hep-ex]

τ → eγ µ → eγ

COMET/PRISM (also cLFV final state searches in NA62, LHCb)
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COMET/PRISM

Conversion in nuclei (COMET: Al)

     
(& Z-mediated contributions)

current limit BR(Au µ-  -> Au e-) < 7 x 10-13   [SINDRUM 2 / PSI]

COMET (J-PARC/Japan) aims at 10-17 level - 4 orders of 
magnitude improvement. Long-term: PRISM, 2x10-19 level
(COMET competitor experiment: Mu2e, Fermilab)
(other cLFV planned/studied experiments: DeeMe/JPARC; PSI) 

see talk by Ajit Kurup
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FNAL E989 Muon g-2
Theory/BSM analogous to cLFV, but flavour-conserving.

(Historically goes back to early days of QED.)

Experiment:

~ 3.5 sigma deviation from SM

one two-loop effect with hadronic vacuum polarisation
  extract from e+ e- data and tau decays

one three-loop effect with hadronic 4-point function (“light-by-
light scattering”), no first-principles determination exists, but 
many different model calculations agree

E989 goal: reduce error to 16x10-11, which would give 5 sigma 
significance
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aµ = (116592089± 54± 33)⇥ 10�11

Le↵ = LSM

�VH = �µ2�†�� �

2
(�†�)2

LSM = ((covariant) kinetic terms + LY+

BR(B0
s ! µ+µ�) = (2.9+1.1

�1.0)⇥ 10�9

BR(B0 ! µ+µ�) < 7.4⇥ 10�10 [95% CL]

CMS/LHCb world averages:

BR(B0
s ! µ+µ�) = (2.9± 0.7)⇥ 10�9

BR(B0
d ! µ+µ�) = (3.6+1.6

�1.4)⇥ 10�10

Bobeth et al predictions:

BR(B0
s ! µ+µ�) = (3.65± 0.23)⇥ 10�9

BR(B0
d ! µ+µ�) = (1.06± 0.09)⇥ 10�10

1
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• QED well known 
• EW contributions also understood (only couple of loop accuracy needed) 

• Hadronic contributions are significant and the biggest source of 
uncertainty. 

  

Non-perturbative - cannot be calculated. 
 Determined from experiment 
                    Low energy e+e-  hadrons. 
+ some lattice QCD for L-by-L 
contribution 

QCD 

See talk by Steve Maxfield
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SHIP
How to probe low-energy particle content?

• Take X as neutral, but include all possible interactions as SM gauge-
invariant effective operators. J. F. K. & C. Smith, 1111.6402

X = dark sector 
state connected
to the SM, or a 
light messenger.

taken from C. Smith @ LPC - Clermont-Ferrand, 4/2012
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Many models (eg of dynamical SUSY breaking) involve a 
hidden/dark sector. Some states may be light, even lighter 
than a few GeV, eg sterile neutrinos

They can be searched for in production or in rare decays (of 
top, Higgs, B, D, leptons). Need high statistics.

SHIP - proposed beam-dump experiment at CERN-SPS
   1017 D-mesons, 1015 tau over 4-5 years

see talk by A Golutvin (SHIP interim spokesperson)

J Kamenik / C Smith

Shaposhnikov et al
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Summary
After run I of the LHC and the Higgs discovery there is a very 
strong case for a broad programme of indirect probes of new 
physics.

UK flavour community very well positioned to make a major 
impact, based on size, diversity, quality, leadership experience 
in the relevant experiments (and theory)

This was to provide an intro and context. Please see the 
detailed experimental presentations for proper accounts of 
plans and specific physics cases.

     LHCb  -   Matt Needham
     NA62  -   Evgueni Goudzovski
     SHIP   -   Andrey Golutvin
     COMET/PRISM/cLFV  -  Ajit Kurup
     Muon g-2  -  Stephen Maxfield
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Flavour symmetry group

f = QLj , uRj , dRj , LLj , eRj j = 1, 2, 3

Lgauge =

∑

f

ψ̄fγ
µDµψf −

∑

i,a

1

4
giF

ia
µνF iaµν

QL → ei(b/3+a)VQL
QL, uR → ei(b/3−a)VuR

uR, dR → ei(b/3−a)VdR
dR

have a large global (= flavour) symmetry group

[Chivukula & Georgi 1987]
The SM Yukawa couplings break this to

U(1)B × U(1)e × U(1)µ × U(1)τ

Gflavor = SU(3)5 × U(1)B × U(1)A × U(1)L × U(1)E

to

SM gauge interactions

Neutrino mixing break the three lepton numbers
Current data accommodated by the unique dimension-5 operator

X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)$ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕW̃

ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3

If correct, lepton number is violated in nature.

BSM flavour breaking will leave its imprint on the Wilson coefficients 
(correlations).
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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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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.

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
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Global fits to the CKM matrix by two expert groups
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(At higher orders in ⇥, higher-order dependence on A,⇤̄, �̄ appears.)

2.3 Unitarity triangle fit
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�0.00014, A = 0.823+0.012

�0.033, ⇤̄ = 0.1289+0.0176
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2.4 Beyond the unitarity triangle

3 Observables and QCD

3.1 Without QCD

Mixing and decays. How the unitarity triangle is determined.

3.2 The QCD anatomy of a hadronic amplitude

Weak and strong interactions, factorisation and nonperturbative corrections.
How UT angles are a�ected. Use mixing as main example.

3.3 Wilson coe⇥cients and renormalisation group

Matching, scale dependence, Wilsonian picture and renormalisation group
equation.

3

No apparent inconsistencies, CKM paradigm appears to work 
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“Tree” determinations

B0  ➔ D+ π-

B± ➔ D0 K± 

Plot showing only “NP-robust” measurements of γ and |Vub| .
Note: the γ(α) constraint shown depends on assumptions (absence of 
BSM ΔI=3/2 contributions in B->ππ); the “pure tree-level” γ 
determination (grey band) is more robust. Such determinations will be 
greatly improved by LHCb.
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Certainly there is room for O(10%) NP in loop processes as far as 
UT fits are concerned, moreover UT fit mainly constrains b->d

Plot showing only “NP-robust” measurements of γ and |Vub| .
Note: the γ(α) constraint shown depends on assumptions (absence of 
BSM ΔI=3/2 contributions in B->ππ); the “pure tree-level” γ 
determination (grey band) is more robust. Such determinations will be 
greatly improved by LHCb.
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Bs➔µ+µ- 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]

oben

unten

rechts

s

b

g

s

b

γ
s

b
Z

s

b
H

e

µ

γ

W

νi

e

µ

γ

#̃−i

χ0
k

e

µ

γ

χ̃−

i

ν̃i

q b

b q

W W

u, c, t

u, c, t

q b

b q

W W

u, c, t

u, c, t

b

b

s

hi

hj
b s

hi

hj hk

b s

hi
hj

.

µ
+

µ
−

Bs

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
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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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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.

7

[Bobeth, Ewerth, Kruger, Urban 2002] 
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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
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Role of flavour in constructing the SM

1934   Fermi proposes Hamiltonian for beta decay

1956-57   Lee&Yang propose parity violation to explain “θ-τ
           paradox”.
           Wu et al show parity is violated in β decay
           Goldhaber et al show that the neutrinos produced in
           152Eu K-capture always have negative helicity

1957   Gell-Mann & Feynman, Marshak & Sudarshan

            V-A current-current structure of weak interactions.
            Conservation of vector current proposed
            Experiments give G = 0.96 GF (for the vector parts)

HW = −GF (p̄γµn)(ēγµν)

−G(p̄γµPLn)(ēγµPLνe) + . . .HW = −GF (ν̄µγµPLµ)(ēγµPLνe)
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1960-63  To achieve a universal coupling, Gell-Mann&Levy
          and Cabibbo propose that a certain superposition of
          neutron and Λ particle enters the weak current.
          Flavour physics begins!

1964  Gell-Mann gives hadronic weak current
          in the quark model

1964  CP violation discovered in Kaon decays (Cronin&Fitch)

1960-1968 Jµ part of triplet of weak gauge
         currents. Neutral current interactions
         predicted and, later, observed at CERN.

However, the predicted flavour-changing
neutral current (FCNC) processes
such as KL ➔µ+µ- are not observed!

HW = −GF J
µ
J
†
µ

Jµ = ūγµPL(cos θcd + sin θcs) + ν̄eγ
µPLe + ν̄µγµPLµ

QCD corrections I: weak Hamiltonian

Strong hierarchyMW ! MB , pB, pπ, . . . implies

W + + . . . =
∑

i Ci

(

+ + · · ·

)

〈f |i〉SM = C1〈f |Q1|i〉QCD + C2〈f |Q2|i〉QCD + · · ·

C(MW , . . . ; αs; ln(µ2/M2
W )): heavy particles, gluons far off shell.

Computed with arbitrary (partonic) external states, expanding in

p/MW (OPE).

〈f |Qi(µ)|B̄〉 contain all dynamics below factorization scale µ

Assume that factorization continues to hold for hadronic states:

A(B̄ → f) = Ci(µ)
︸ ︷︷ ︸

Wilson coefficient

〈f |Qi(µ)|B̄〉
︸ ︷︷ ︸

hadronic matrix element

Factorization in exclusive B-decays at higher orders – p.6

d u

e ν

GF =
g2

4
√

2M2

W

4 S. Jäger: Supersymmetry beyond minimal flavour violation

uLi

dLj

W± i Vij g γµPL

uLi

d̃Lj

w̃+ i Vij

√
2g PR

ũLi

dLj

w̃− i Vij

√
2g PL

ui

dj

H± i Vij (cosβ yujPL+sinβ ydjPR)

uLi

d̃Rj

h̃+ i Vij sinβ ydjPR

ũRi

dLj

h̃− i Vij cosβ yuiPL

Fig. 1. Flavour-changing vertices involving fermions in the
super-CKM basis.

for small to moderate (< 30) values of tanβ but can give
rise to a distinctive pattern at larger values even for mini-
mal flavour violation. We will not discuss these effects; for
a recent review see [20]. Most of the constraints discussed
below still apply in that case, but there may be stronger
ones.

2.2 Origin of (new) flavour violation: supersymmetry
breaking

The superpotential (1) does not break supersymmetry spon-
taneously at tree level. Because of supersymmetric non-
renormalization theorems [21,22,23], this remains true to
all orders in perturbation theory. Neither is electroweak
symmetry broken, at any order.

Observations exclude the presence of mass-degenerate
superpartners for many of the SM particles, which tells
us that supersymmetry is broken. The standard picture
is that supersymmetry breaking occurs in a hidden sector
of SM gauge singlets, via the condensation of an auxiliary
(F or D) component of one or more superfields X . Gauge
symmetry then requires any superpotential couplings be-
tween the visible and hidden sectors to be nonrenormaliz-
able.5 In many cases of interest, all low-energy effects of
supersymmetry breaking can be represented by such effec-
tive nonrenormalizable superpotential, gauge-kinetic, and
Kähler terms, as in

Wbreak = AU
ij
〈X〉
M

UC
i Hu · Qj, (13)

fbreak = Ma
〈X〉
M

WA
a WA

a , (14)

and

Kbreak = KQ
ij

〈XX†〉
M2

Q†
ie

2gaVaQj . (15)

Here AU
ij , Ma, and KQ

ij are dimensionless coefficients. 〈X〉 =

θ2FX is the vacuum expectation value of a hidden-sector
superfield, and the SUSY-breaking terms in the Lagrangian
are found by replacing K → K + Kbreak and W → W +
Wbreak + fbreak in (2). This can be illustrated as follows.
The MSSM, by assumption, does not have any direct renor-
malizable couplings to the hidden sector. Assume then
that the lightest “messenger”, i.e., degree of freedom that
couples both to the field X and to the MSSM fields, has
mass M . Below its mass scale, it can be integrated out of
the theory, giving rise to operators as in (13)–(15). This is
what happens, for example, in models of gauge mediation
(see below).

The term Wbreak from above gives rise to an extra
contribution

∆LA = T U
ij q̃i · huũc

j + h.c.,

T U
ij =

FX

M
AU

ij (16)

5 The one exception is a possible coupling Hu ·HdX, without
imposing further global symmetries.

d

s̄

q b

b q

W W

u, c, t

u, c, t

q b

b q

W W

u, c, t

u, c, t

b

b

s

hi

hj
b s

hi

hj hk

b s

hi
hj

.

µ
+

µ
−

Z
0
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1970  To explain the absence of KL ➔µ+µ- , Glashow,
          Iliopoulos & Maiani (GIM) couple a “charmed quark”
          to the formerly “sterile” linear combination
        
          The doublet structure eliminates the Zsd coupling!

1971  Weak interactions are renormalizable (‘t Hooft)

1972  Kobayashi & Maskawa show that CP violation requires
          extra particles, for example a third doublet. CKM matrix

1974  Gaillard & Lee estimate loop
          contributions to the KL-KS mass
          difference
          Bound mc < 5 GeV

1974  Charm quark discovered

− sin θcdL + cos θcsL

q b

b q

W W

u, c, t

u, c, t
q b

b q

W W

u, c, t

u, c, t

b

b

s

s b

hi

hj

(c)

b s

s b

hi

hj hk

hl

(d)

b s

s b

hi
hj

hk

.

(e)

d

s̄ d̄

s

c

c
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1977  τ lepton and bottom quark discovered 

1983  W and Z bosons produced

1987  ARGUS measures Bd - Bd mass difference
         First indication of a heavy top

        The diagram depends quadratically on mt

1995 top quark discovered at CDF & D0

Precision measurements: masses, running coupling,
direct CP violation, B factories, determination of CKM 
elements, neutrino oscillations, search for electric dipole
moments, proton decay, ... 

q b

b q

W W

u, c, t

u, c, t
q b

b q

W W

u, c, t

u, c, t

b

b

s

s b

hi

hj

(c)

b s

s b

hi

hj hk

hl

(d)

b s

s b

hi
hj

hk

.

(e)

d

b

b̄

d̄
t

t

Standard Model
All matter is composed of twelve “flavors” of spin-1/2 fermion,
including three neutrinos, each with different mass.

(
uL

dL

)
uR

dR

(
cL

sL

)
cR

sR

(
tL
bL

)
tR
bR

Q = +2/3
Q = −1/3(

νeL

eL

) −
eR

(
νµL

µL

) −
µR

(
ντ L

τL

) −
τR

Q = 0
Q = −1

Almost all interaction is due to gauge forces. Colored fermions feel
the strong interactions due to the gluon field Gµ. They and the
charged leptons also interact with the electromagnetic field Aµ.

Weak interactions, due to W+ and Z0 boson exchange, are chiral:

W+

dL uL

but not
dR uR

W+

What B-mesons tell us about the Standard Model and “New Physics” – p.3

34Tuesday, 22 July 14


