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Outline: the jargon 

•  What are the measurements? 

•  What are the interpretations? 
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The measurements: R(D*) 
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•  See previous talk by Greg! 

Lepton universality, enshrined within the Standard Model (SM), requires equality of
couplings between the gauge bosons and the three families of leptons. Hints of lepton
non-universal e↵ects in B+ ! K+e+e� and B+ ! K+µ+µ� decays [1] have been seen,
but no definitive observation of a deviation has yet been made. However, a large class of
models that extend the SM contain additional interactions involving enhanced couplings
to the third generation that would violate this principle. Semileptonic decays of b hadrons
(particles containing a b quark) to third generation leptons provide a sensitive probe for
such e↵ects. In particular, the presence of additional charged Higgs bosons, which are
often required in these models, can have a significant e↵ect on the rate of the semitauonic
decay B0 ! D⇤+⌧�⌫

⌧

[2]. The use of charge-conjugate modes is implied throughout this
Letter.

Semitauonic B meson decays have been observed by the BaBar and Belle col-
laborations [3–7]. Recently BaBar reported updated measurements [6, 7] of the ra-
tios of branching fractions, R(D⇤) ⌘ B(B0 ! D⇤+⌧�⌫

⌧

)/B(B0 ! D⇤+µ�⌫
µ

) and
R(D) ⌘ B(B0 ! D+⌧�⌫

⌧

)/B(B0 ! D+µ�⌫
µ

), which show deviations of 2.7� and 2.0�,
respectively, from the SM predictions [8, 9]. These ratios have been calculated to high
precision, owing to the cancellation of most of the uncertainties associated with the strong
interaction in the B to D(⇤) transition. Within the SM they di↵er from unity mainly
because of phase-space e↵ects due to the di↵ering charged lepton masses.

This Letter presents the first measurement of R(D⇤) in hadron collisions using the
data recorded by the LHCb detector at the Large Hadron Collider in 2011–2012. The data
correspond to integrated luminosities of 1.0 fb�1 and 2.0 fb�1, collected at proton-proton
(pp) center-of-mass energies of 7 TeV and 8 TeV, respectively. The B0 ! D⇤+⌧�⌫

⌧

decay
with ⌧� ! µ�⌫

µ

⌫
⌧

(the signal channel) and the B0 ! D⇤+µ�⌫
µ

decay (the normalization
channel) produce identical visible final-state topologies; consequently both are selected
by a common reconstruction procedure. The selection identifies semileptonic B0 decay
candidates containing a muon candidate and a D⇤+ candidate reconstructed through the
decay chain D⇤+ ! D0(! K�⇡+)⇡+. The selected sample contains contributions from
the signal and the normalization channel, as well as several background processes, which
include partially reconstructed B decays and candidates from combinations of unrelated
particles from di↵erent b hadron decays. The kinematic and topological properties of
the various components are exploited to suppress the background contributions. Finally,
the signal, the normalization component and the residual background are statistically
disentangled with a multidimensional fit to the data using template distributions derived
from control samples or from simulation validated against data.

The LHCb detector [10, 11] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or
c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region [12], a large-area silicon-strip
detector located upstream of a dipole magnet with a bending power of about 4Tm, and
three stations of silicon-strip detectors and straw drift tubes [13] placed downstream of
the magnet. The tracking system provides a measurement of momentum, p, of charged
particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0%
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The measurements: RK 
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•  More lepton-flavor universality violation?  

arXiv:1406.6482 
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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The measurements: P5’ 
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•  More deviations in flavor-changing neutral current? 

LHCb-PAPER-2015-051 



The measurements: P5’ and more! 
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•  More deviations in flavor-changing neutral current? 

Ø  All decay rates are below predictions… 

arXiv:1403.8044 

Bs
0àφµµ 

arXiv:1506.08777 

arXiv:1503.07138  Λb
0àΛµµ B0àK*0µµ 

arXiv:1304.6325 
LHCb 

arXiv:1403.8044 arXiv:1403.8044 
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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More Measurements 

“Interesting” recent measurements at LHCb: 

ü  R(D*) and R(D):  Lepton universality BàD(*)τυ / BàD(*)µυ 

ü  RK:    Lepton universality BàKee / BàKµµ  

ü  P5’:    Angular observable B0àK*µµ 

ü  Г(bà s µµ)   Decay rates of B(s)àK(φ)µµ 
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Other interesting measurements and constraints: 
ü   BR(B0à µµ):  high? 

ü Vub: incl vs excl:  different? 

ü  g-2   high? 

ü Diboson resonance  high? 

ü   Hàτµ   high? 

ü   ε’/ε   x10 high? 

q  B-mixing 

q  τàµµµ 

q  µàeγ 

“Interesting” recent measurements at LHCb: 

ü  R(D*) and R(D):  Lepton universality BàD(*)τυ / BàD(*)µυ 

ü  RK:    Lepton universality BàKee / BàKµµ  

ü  P5’:    Angular observable B0àK*µµ 

ü  Г(bà s µµ)   Decay rates of B(s)àK(φ)µµ 

More Measurements 
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LHCb/CMS Nature 522, 68 (2015)  
LHCb               arXiv:1504.01568 
BNL E821                            PDG 
ATLAS             arXiv:1506.00962 
CMS                 PAS-HIG-14-005 
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Figure 2: Compilation of recent published re-
sults for aµ (in units of 10−11), subtracted
by the central value of the experimental av-
erage (3). The shaded band indicates the size
of the experimental uncertainty. The SM pre-
dictions are taken from: JN [4], DHMZ [17],
HMNT [21]. Note that the quoted errors in
the figure do not include the uncertainty on the
subtracted experimental value. To obtain for
each theory calculation a result equivalent to
Eq. (15), the errors from theory and experiment
must be added in quadrature.

(with all errors combined in quadrature) represents an inter-

esting but not yet conclusive discrepancy of 3.6 times the

estimated 1σ error. All the recent estimates for the hadronic

contribution compiled in Fig. 2 exhibit similar discrepancies.

Switching to τ data reduces the discrepancy to 2.4σ, assuming

the isospin-violating corrections are under control within the

estimated uncertainties (see Ref. 32 for an analysis leading to a

different conclusion).

An alternate interpretation is that ∆aµ may be a new

physics signal with supersymmetric particle loops as the leading

candidate explanation. Such a scenario is quite natural, since

December 18, 2013 11:57
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Figure 5: Left) Upper limits by category for the LFV H ! µt decays. Right) Best fit branching
fractions by category.

9 Extracting limits on lepton flavor violating couplings
The constraint on B(H ! µt) can be interpreted in terms of LFV Higgs Yukawa couplings.
The LFV decays H ! eµ, et, µt arise at tree level from the assumed flavor violating Yukawa
interactions where the relevant terms are explicitly

LV ⌘ �Yeµ ēLµRh � Yµeµ̄LeRh � Yet ēLtRh � Ytet̄LeRh � Yµtµ̄LtRh � Ytµt̄LµRh

The branching fraction in terms of the Yukawa couplings are given by

B(H ! lalb) =
G(H ! lalb)

G(H ! lalb) + GSM
(1)

where la, lb = e, µ, t and la 6= lb. The decay width, in turn, is

G(H ! lalb) =
mh

8p
(|Ylb la |2 + |Yla lb |2) (2)

and SM Higgs width is GSM = 4.1 MeV for a 125 GeV Higgs boson. It was assumed that at
most one of non-standard decay mode of the Higgs is significant compared to the SM decay
width.

The constraints on the Yukawa couplings derived from the limit B(H ! µt) < 1.57% are shown
in Figure 6. This is compared to the constraints from previous indirect measurements. It can be
seen that the direct search improves the constraint by roughly an order of magnitude.

10 Conclusions
The first direct search for lepton flavor violating decays of a Higgs boson to a muon-tau pair,
based on the full 8 TeV dataset collected by CMS in 2012 is presented. The sensitivity of the

Vub 
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Effective couplings 

•  Historical example: 
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GF

2
=

g2

8MW
2

•  Both are correct, depending on the energy scale you consider 



Effective couplings 

•  Historical example 
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•  Analog: Flavour-changing neutral current 



Effective couplings 

•  Effective coupling can be of various “kinds” 
–  Vector coupling 

–  Axial coupling 

–  Left-handed coupling (V-A) 

–  Right-handed (to quarks) 

–  … 

14 

Furthermore, in inclusive semi–leptonic decays of heavy quarks QCD corrections resulting

from real gluon emission can be calculated perturbatively. These issues are discussed by

Neubert in a separate chapter in this book.

The non–leptonic decays such as K → ππ or B → DK are more complicated to

analyze and to calculate because the factorization of a given matrix element of a four–

fermion operator into the product of current matrix elements is no longer true. Indeed

now the gluons can connect the two quark currents (fig. 10c), and in addition the diagrams

of fig. 10d contribute. The breakdown of factorization in non–leptonic decays is present

both at short and long distances simply because the effects of strong interactions are

felt both at large and small momenta. At large momenta, however, the QCD coupling

constant is small and the non–factorizable contributions can be studied in perturbation

theory. In order to accomplish this task, one has to separate first short distance effects

from long distance effects. This is most elegantly done by means of the operator product

expansion approach (OPE) combined with the renormalization group. In order to discuss

these methods we have to say a few words about the effective field theory picture which

underlies our discussion presented so far.

2.5.2 Effective Field Theory Picture

The basic framework for weak decays of hadrons containing u, d, s, c and b quarks is the

effective field theory relevant for scales µ ≪ MW ,MZ ,mt. This framework, as we have

seen above, brings in local operators which govern “effectively” the transitions in question.

From the point of view of the decaying hadrons containing the lightest five quarks this is

the only correct picture we know and also the most efficient one for studying the presence

of QCD. Furthermore it represents the generalization of the Fermi theory as formulated

by Sudarshan and Marshak [21] and Feynman and Gell-Mann [22] forty years ago.

Indeed the simplest effective Hamiltonian without QCD effects that one would find

from the first diagram of fig. 11 is (see (2.14))

H0
eff =

GF√
2
VcbV

∗
cs(c̄b)V −A(s̄c)V −A , (2.51)

where GF is the Fermi constant, Vij are the relevant CKM factors and

(c̄b)V −A(s̄c)V −A ≡ (c̄γµ(1 − γ5)b)(s̄γµ(1 − γ5)c) = Q2 (2.52)

is a (V −A) · (V −A) current-current local operator usually denoted by Q2. The situation

in the Standard Model is, however, more complicated because of the presence of additional

interactions which effectively generate new operators. These are in particular the gluon,

photon and Z0-boson exchanges and internal top contributions as we have seen above.

Some of the elementary interactions of this type are shown this time for B decays in fig. 11.

Consequently the relevant effective Hamiltonian for B-meson decays involves generally

several operators Qi with various colour and Dirac structures which are different from Q2.

Moreover each operator is multiplied by a calculable coefficient Ci(µ):

Heff =
GF√

2
VCKM

∑

i

Ci(µ)Qi, (2.53)

20



Effective couplings 

•  Effective coupling can be of various “kinds” 
–  Vector coupling:   C9 

–  Axial coupling:   C10 

–  Left-handed coupling (V-A): C9-C10 

–  Right-handed (to quarks):  C9’, C10’, … 

–  … 
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See e.g. Buras & Fleischer, hep-ph/9704376 

From Buras & Fleischer, hep-ph/9704376 

Furthermore, in inclusive semi–leptonic decays of heavy quarks QCD corrections resulting

from real gluon emission can be calculated perturbatively. These issues are discussed by

Neubert in a separate chapter in this book.

The non–leptonic decays such as K → ππ or B → DK are more complicated to

analyze and to calculate because the factorization of a given matrix element of a four–

fermion operator into the product of current matrix elements is no longer true. Indeed

now the gluons can connect the two quark currents (fig. 10c), and in addition the diagrams

of fig. 10d contribute. The breakdown of factorization in non–leptonic decays is present

both at short and long distances simply because the effects of strong interactions are

felt both at large and small momenta. At large momenta, however, the QCD coupling

constant is small and the non–factorizable contributions can be studied in perturbation

theory. In order to accomplish this task, one has to separate first short distance effects

from long distance effects. This is most elegantly done by means of the operator product

expansion approach (OPE) combined with the renormalization group. In order to discuss

these methods we have to say a few words about the effective field theory picture which

underlies our discussion presented so far.

2.5.2 Effective Field Theory Picture

The basic framework for weak decays of hadrons containing u, d, s, c and b quarks is the

effective field theory relevant for scales µ ≪ MW ,MZ ,mt. This framework, as we have

seen above, brings in local operators which govern “effectively” the transitions in question.

From the point of view of the decaying hadrons containing the lightest five quarks this is

the only correct picture we know and also the most efficient one for studying the presence

of QCD. Furthermore it represents the generalization of the Fermi theory as formulated

by Sudarshan and Marshak [21] and Feynman and Gell-Mann [22] forty years ago.

Indeed the simplest effective Hamiltonian without QCD effects that one would find

from the first diagram of fig. 11 is (see (2.14))

H0
eff =

GF√
2
VcbV

∗
cs(c̄b)V −A(s̄c)V −A , (2.51)

where GF is the Fermi constant, Vij are the relevant CKM factors and

(c̄b)V −A(s̄c)V −A ≡ (c̄γµ(1 − γ5)b)(s̄γµ(1 − γ5)c) = Q2 (2.52)

is a (V −A) · (V −A) current-current local operator usually denoted by Q2. The situation

in the Standard Model is, however, more complicated because of the presence of additional

interactions which effectively generate new operators. These are in particular the gluon,

photon and Z0-boson exchanges and internal top contributions as we have seen above.

Some of the elementary interactions of this type are shown this time for B decays in fig. 11.

Consequently the relevant effective Hamiltonian for B-meson decays involves generally

several operators Qi with various colour and Dirac structures which are different from Q2.

Moreover each operator is multiplied by a calculable coefficient Ci(µ):

Heff =
GF√

2
VCKM

∑

i

Ci(µ)Qi, (2.53)

20

“the true picture of a decaying hadron is more 
correctly described by the local operators” 
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Figure 7: For 4 favoured scenarios, we show the 3 � regions allowed by branching ratios

only (dashed green), by angular observables only (long-dashed blue) and by considering

both (red, with 1,2,3 � contours, corresponding to 68.3%, 95.5% and 99.7% confidence

levels). Each constraint corresponding to a subset of data includes also the inclusive and

b ! s� data.

giving RK = 1 by construction,

• (CNP
9 = CNP

10 , CNP
90 = CNP

100 ), disfavoured by the data on Bs ! µµ, which prefer a SM

value for C10, leading to a tension with the value of CNP
9 needed for B ! K⇤µµ

• (CNP
9 = �CNP

10 , CNP
90 = �CNP

100 ) and (CNP
9 = CNP

90 , CNP
10 = CNP

100 ) which could be interesting

28

Theory: 1) Model independent fits 

•  C9
NP deviates from 0 by >4σ  

•  Independent fits by more groups 
§  C9

NP=-1  

§  C9
NP=-C10

NP 

•  Caveat: debate on charm-loop effects… 

16 

Descotes-Genon, Matias, Virto, arXiv:1510.04239 Altmannshofer & Straub, arXiv:1503.06199 

SM 

PullSM p-val 
SM (χ2/ndof=110/96)               16% 
C9

NP=-1.11         : 4.5σ   62% 
C9

NP=-C10
NP=-0.7: 4.1σ   55% 

PullSM  p-val    +ee 
SM (χ2/ndof=117/88)              2.1% 0.9%      
C9

NP=-1.07         : 3.7σ 11.3%  4.3σ 
C9

NP=-C10
NP=-0.5: 3.1σ   7.1%  3.9σ 

)9C(Re
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∆
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Figure 14: The ��2 distribution for the real part of the generalised vector-coupling strength, C9.
This is determined from a fit to the results of the maximum likelihood fit of the CP -averaged
observables. The SM central value is Re(CSM

9 ) = 4.27 [11], the best fit point is found to be at
�Re(C9) = �1.04± 0.25.

31
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Theory: 2) Leptoquarks 

•  Example: “Bauer/Neubert” model 
–  Leptoquark mΔ ~ 1 TeV 

–  g-2 

–  R(D*) 

–  RK 

–  bàc : tree level, bàs : loop level 

•  Predictions: 
–  1σ effects on BR(Zàµµ)  

–  B-mixing affected 

–  (BR(hàτµ)~10-7)  
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One Leptoquark to Rule Them All:
A Minimal Explanation for RD(⇤), RK and (g � 2)µ

Martin Bauera and Matthias Neubertb,c
aInstitut für Theoretische Physik, Universität Heidelberg, Philosophenweg 16, 69120 Heidelberg, Germany

bPRISMA Cluster of Excellence & MITP, Johannes Gutenberg University, 55099 Mainz, Germany
cDepartment of Physics & LEPP, Cornell University, Ithaca, NY 14853, U.S.A.

We show that by adding a single new scalar particle to the Standard Model, a TeV-scale leptoquark
with the quantum numbers of a right-handed down quark, one can explain in a natural way three of
the most striking anomalies of particle physics: the violation of lepton universality in B̄ ! K̄`+`�

decays, the enhanced B̄ ! D(⇤)⌧ ⌫̄ decay rates, and the anomalous magnetic moment of the muon.
Constraints from other precision measurements in the flavor sector can be satisfied without fine-
tuning. Our model predicts enhanced B̄ ! K̄(⇤)⌫⌫̄ decay rates and a new-physics contribution to
Bs�B̄s mixing close to the current central fit value.

Introduction. Rare decays and low-energy precision
measurements provide powerful probes of physics beyond
the Standard Model (SM). During the first run of the
LHC, many existing measurements of such observables
were improved and new channels were discovered, at rates
largely consistent with SM predictions. However, a few
anomalies observed by previous experiments have been
reinforced by LHC measurements and some new anoma-
lous signals have been reported. The most remarkable
example of a confirmed e↵ect is the 3.5� deviation from
the SM expectation in the combination of the ratios

R
D

(⇤) =
�(B̄ ! D(⇤)⌧ ⌫̄)

�(B̄ ! D(⇤)`⌫̄)
; ` = e, µ. (1)

An excess of the B̄ ! D(⇤)⌧ ⌫̄ decay rates was first noted
by BaBar [1, 2], and it was shown that this e↵ect can-
not be explained in terms of type-II two Higgs-doublet
models. The relevant rate measurements were consis-
tent with those reported by Belle [3–5] and were recently
confirmed by LHCb for the case of R

D

⇤ [6]. Since these
decays are mediated at tree level in the SM, relatively
large new-physics contributions are necessary in order to
explain the deviations. Taking into account the di↵eren-
tial distributions d�(B̄ ! D⌧ ⌫̄)/dq2 provided by BaBar
[2] and Belle [7], only very few models can explain the ex-
cess, and they typically require new particles with masses
near the TeV scale and O(1) couplings [8–17]. One of the
interesting new anomalies is the striking 2.6� departure
from lepton universality of the ratio

R
K

=
�(B̄ ! K̄µ+µ�)

�(B̄ ! K̄e+e�)
= 0.745+0.090

�0.074 ± 0.036 (2)

in the dilepton invariant mass bin 1GeV2  q2  6 GeV2,
reported by LHCb [18]. This ratio is essentially free from
hadronic uncertainties, making it very sensitive to new
physics. Equally intriguing is a discrepancy in angu-
lar observables in the rare decays B̄ ! K̄⇤µ+µ� seen
by LHCb [19], which is however subject to significant
hadronic uncertainties [20, 21]. Both observables are in-
duced by loop-mediated processes in the SM, and assum-
ing O(1) couplings one finds that the dimension-6 opera-

tors that improve the global fit to the data are suppressed
by mass scales of order tens of TeV [22–25].

In this letter we propose a simple extension of the SM
by a single scalar leptoquark � transforming as (3,1,� 1

3 )
under the SM gauge group, which can explain both the
R

D

(⇤) and the R
K

anomalies with a low mass M
�
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1 TeV and O(1) couplings. The fact that such a particle
can explain the anomalous B̄ ! D(⇤)⌧ ⌫̄ rates and q2

distributions is well known [13, 17]. Here we show that
the same leptoquark can resolve in a natural way the R

K

anomaly and explain the anomalous magnetic moment of
the muon. Reproducing R

K

with a light leptoquark is
possible in our model, because the transitions b ! s`+`�

are only mediated at loop level. Such loop e↵ects have
not been studied previously in the literature. We also
discuss possible contributions to B
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�B̄
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mixing, the rare
decays B̄ ! K̄(⇤)⌫⌫̄, D0 ! µ+µ�, ⌧ ! µ�, and the
Z-boson couplings to fermions. We focus primarily on
fermions of the second and third generations, leaving a
more complete analysis for future work.

The leptoquark � can couple to LQ and e
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, as well
as to operators which would allow for proton decay and
will be ignored in the following. Such operators can be
eliminated, e.g., by means of a discrete symmetry. The
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R

�Re
R

�⇤ + h.c. ,
(3)

where � is the Higgs doublet, �L,R are matrices in fla-
vor space, and  c = C ̄T are charge-conjugate spinors.
Note that our leptoquark shares the quantum numbers
of a right-handed sbottom, and its couplings to fermions
can be reproduced from the R-parity violating superpo-
tential. The above Lagrangian refers to the weak basis.
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We show that by adding a single new scalar particle to the Standard Model, a TeV-scale leptoquark
with the quantum numbers of a right-handed down quark, one can explain in a natural way three of
the most striking anomalies of particle physics: the violation of lepton universality in B̄ ! K̄`+`�

decays, the enhanced B̄ ! D(⇤)⌧ ⌫̄ decay rates, and the anomalous magnetic moment of the muon.
Constraints from other precision measurements in the flavor sector can be satisfied without fine-
tuning. Our model predicts enhanced B̄ ! K̄(⇤)⌫⌫̄ decay rates and a new-physics contribution to
Bs�B̄s mixing close to the current central fit value.
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lous signals have been reported. The most remarkable
example of a confirmed e↵ect is the 3.5� deviation from
the SM expectation in the combination of the ratios

R
D

(⇤) =
�(B̄ ! D(⇤)⌧ ⌫̄)

�(B̄ ! D(⇤)`⌫̄)
; ` = e, µ. (1)

An excess of the B̄ ! D(⇤)⌧ ⌫̄ decay rates was first noted
by BaBar [1, 2], and it was shown that this e↵ect can-
not be explained in terms of type-II two Higgs-doublet
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tent with those reported by Belle [3–5] and were recently
confirmed by LHCb for the case of R

D

⇤ [6]. Since these
decays are mediated at tree level in the SM, relatively
large new-physics contributions are necessary in order to
explain the deviations. Taking into account the di↵eren-
tial distributions d�(B̄ ! D⌧ ⌫̄)/dq2 provided by BaBar
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interesting new anomalies is the striking 2.6� departure
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R
K

=
�(B̄ ! K̄µ+µ�)

�(B̄ ! K̄e+e�)
= 0.745+0.090

�0.074 ± 0.036 (2)

in the dilepton invariant mass bin 1GeV2  q2  6 GeV2,
reported by LHCb [18]. This ratio is essentially free from
hadronic uncertainties, making it very sensitive to new
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duced by loop-mediated processes in the SM, and assum-
ing O(1) couplings one finds that the dimension-6 opera-

tors that improve the global fit to the data are suppressed
by mass scales of order tens of TeV [22–25].
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Z-boson couplings to fermions. We focus primarily on
fermions of the second and third generations, leaving a
more complete analysis for future work.
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where � is the Higgs doublet, �L,R are matrices in fla-
vor space, and  c = C ̄T are charge-conjugate spinors.
Note that our leptoquark shares the quantum numbers
of a right-handed sbottom, and its couplings to fermions
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•  Example: “Isidori” model 
–  New Z’ boson 

–  Relatively simple model 

–  Describes all (most?) data 

–  Extra SU(2)L symmetry, coupling to 3rd gen 

 

 

•  Predictions: 
–  CNP

10=-CNP
9 

–  τ,µ difference universal: R(D)=R(D*)=R(Λc)=… ~ 30% 

–  e, µ difference: ~1-2%  

–  B-mixing: 10% deviations from SM 

–  τàµµµ not far from present bound 

–  No coupling to bosons, so cannot explain diboson excess… 

–  Z’àtt,bb,ττ not very easy in ATLAS, most stringent constraint from 
m(Z’àττ)>300 GeV, ruling out most minimal version of this model! 

Theory: 3) heavy Z’ 

18 

of the Z 0 ! ⌧+⌧� branching ratio. The tension can be further reduced in the limit where the
assumption of narrow resonances (� ⌧ M), that is implicit in all present direct searches, no
longer holds.

2 The model

2.1 Step I: four-fermion operators

Our main assumption is that all the non-standard four-fermion interactions can be described by
the following e↵ective Lagrangian

�L(T )

4f = � 1

2m2

V

Ja
µJ

a
µ , (4)

where Ja
µ is a fermion current transforming as a SU(2)L triplet, built in terms of SM quarks

and lepton fields:

Ja
µ = gq�

q
ij

⇣
Q̄i

L�µT
aQj

L

⌘
+ g`�

`
ij

⇣
L̄i
L�µT

aLj
L

⌘
. (5)

Here �q,` are Hermitian flavor matrices and, by convention, �q
33

= �`
33

= 1.
We define Qi

L and Li
L to be the quark and lepton electroweak doublets in the flavor basis

where down-type quarks and charged-leptons are diagonal. We assume an approximate U(2)q ⇥
U(2)` flavor symmetry, under which the light generations of Qi

L and Li
L transform as 2q⇥1` and

1q ⇥ 2`, respectively, and all other fermions are singlets. We further assume that the underlying
dynamics responsible for the e↵ective interaction in Eq. (4) involves, in first approximation,
only third generation SM fermions (the left-handed 1q ⇥ 1` fermions). In this limit, the flavor

couplings in Eq. (5) are �q,`
ij = �i3�3j . The corrections to this limit are expected to be generated

by appropriate U(2)q⇥U(2)` breaking spurions, connected to the generation of subleading terms
in the Yukawa couplings for the SM light fermions.

In the quark case, the leading U(2)q breaking spurion is a doublet, whose flavor structure is
unambiguously connected to the CKM matrix (V ) [29]. We can thus expand �q

ij as follows:

�q
ij = �i3�3j + (✏

1

�i3V̂3j + ✏⇤
1

V̂ ⇤
3i�3j) + ✏

2

(V̂ ⇤
3iV̂3j) + . . . , V̂

3j = V
3j � �

3jV3j , (6)

with ✏
2

= O(✏2
1

). As we will discuss below, low-energy flavor-physics data imply ✏i ⌧ 1.
The breaking structure in the lepton sector is less clear, given the intrinsic ambiguity in

reconstructing the lepton Yukawa couplings under the (natural) assumption that neutrino masses
are generated by a see-saw mechanism.2 As we will discuss below, low-energy data are compatible
with the hypothesis that the leading breaking terms in the lepton sector transform as doublets
of U(2)`.

2An attempt to build a consistent neutrino mass matrix starting from an approximate U(2)` symmetry broken
by small U(2)` doublets has been discussed in Ref. [30].

4

Main assumptions:

NP in both charged & neutral currents + RH currents disfavored + 
SU(2)L×U(1)Y symmetry →  SU(2)L-triplet effective operator

Non-Universal flavor structure of the currents → mainly 3rd generations   

We assume this effective operator is the result of integrating-out a 
heavy triplet of vector bosons (W', Z') coupled to a single current:   

+  small corrections for 2nd (& 1st) generations
    (hierarchy determined by CKM in the quark sector)

A “prototype data-inspired” model:

Greljo, GI, Marzocca '15

G. Isidori –  Flavor physics @ Run-I and Run-II prospects                           LHC HF WG meeting, CERN, Nov 2015

arXiv:1506.01705 
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Interpretations 
Authors Model Input Predictions/ 

Result 
arXiv 

þ Descotes-Genon, Matias, 
Virto 

Model independent bà sll, bà sγ •  C9
NP=-1  

•  CNP
10=-CNP

9 

1307.5683 
1510.04239 

þ Altmannshofer, Straub Model independent bà sll, bà sγ 
 

•  C9
NP=-1 

•  CNP
10=-CNP

9 
1411.3161 
1503.06199 

☐ Glashow, Guadagnoli, 
Lane 

Z' B0àK*µµ, RK,  
Bs

0àµµ 
LFNU à LFV 1411.0565   

1507.01412 

☐ Bhattacharya, Datta, 
London, Shivashankara 

Z’, W’ RK, R(D*) R(D)=R(D*) 
 

1412.7164 

☐
 
 

Crivellin, Hofer, Matias, 
Nierste, Pokorski, Rosiek 

Z’ 
 

BàK*µµ, RK 
(τà3µ, µàeγ,  
g-2, B-mix) 

1) CNP
10=0  2) CNP

10=-CNP
9 

Limits on Bà(K)µe. 
(hàµν 1503.03477) 

1504.07928 

☐ Celis, Fuentes-Martin, 
Jung, Serodio 

Z‘ B0àK*µµ, RK RK=RK* 1505.03079 

þ Greljo, Isidori, Marzocca Z’,W’ B0àK*µµ, RK, R(D*), 
τà3µ, B-mix, BàXν 

R(D)=R(D*), 
Dµν/Deν ~ 1-2% 

1506.01705 

☐ Buras, Butazzo, Knegjens 
De Fazio  

Z’  SU(3)L ε’/ε, KLàµµ, Bs
0àµµ Kàπνν, B0àK*µµ 

mZ’~3 TeV 
1507.08672 
1512.02869 

☐ Hiller, Schmaltz Leptoquark RK, bà sµµ 1408.1627 
 

☐ Bečirević, Fajfer, Košnik Leptoquark 
(scalar, or vector) 

BR(BàKµµ), Bs
0àµµ C9’=-C10’, RK=0.88 1503.09024 

1511.06024 

☐ Freytsis, Ligeti, 
Ruderman 

Leptoquark 
(scalar/vector) 

R(D*),B+àτυ B+/B- CPV, 
Dàπνν~10-5 

1506.08896 

þ Bauer, Neubert Leptoquark 
(scalar) 

RK, R(D*), g-2 
(B-mix, τàµγ, Dàµµ) 

BR(Zàµµ), B-mix 1511.01900 
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•  Many tantalyzing hints 

•  This time, they seem to point in the same direction… 

•  One parameter needs adjustment (C9) 



DUS, ÓF WE HEBBEN DE Z’- BOSON GEVONDEN, 
ÓF MARCEL ZET NET DE WATERKOKER AAN 

 

Conclusions 

22 

WELL,  EITHER  WE’VE  FOUND  THE  Z’  BOSON,  
OR  MARCEL’S   JUST  PUT  THE  KETTLE  ON 
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Single bins with deviations >1.9σ 

24 

Altmannshofer & Straub, arXiv:1503.06199 

Decay obs. q2 bin SM pred. measurement pull

B̄0 ! K̄⇤0µ+µ� FL [2, 4.3] 0.81± 0.02 0.26± 0.19 ATLAS +2.9

B̄0 ! K̄⇤0µ+µ� FL [4, 6] 0.74± 0.04 0.61± 0.06 LHCb +1.9

B̄0 ! K̄⇤0µ+µ� S
5

[4, 6] �0.33± 0.03 �0.15± 0.08 LHCb �2.2

B̄0 ! K̄⇤0µ+µ� P 0
5

[1.1, 6] �0.44± 0.08 �0.05± 0.11 LHCb �2.9

B̄0 ! K̄⇤0µ+µ� P 0
5

[4, 6] �0.77± 0.06 �0.30± 0.16 LHCb �2.8

B� ! K⇤�µ+µ� 107 dBR

dq2 [4, 6] 0.54± 0.08 0.26± 0.10 LHCb +2.1

B̄0 ! K̄0µ+µ� 108 dBR

dq2 [0.1, 2] 2.71± 0.50 1.26± 0.56 LHCb +1.9

B̄0 ! K̄0µ+µ� 108 dBR

dq2 [16, 23] 0.93± 0.12 0.37± 0.22 CDF +2.2

Bs ! �µ+µ� 107 dBR

dq2 [1, 6] 0.48± 0.06 0.23± 0.05 LHCb +3.1

Table 1: Observables where a single measurement deviates from the SM by 1.9� or more (cf. 15 for the B !
K⇤µ+µ� predictions at low q2).

one can construct a �2 function which quantifies, for a given value of the Wilson coe�cients,
the compatibility of the hypothesis with the experimental data. It reads

�2( ~CNP) =
h
~O
exp

� ~O
th

( ~CNP)
iT

[C
exp

+ C
th

]�1

h
~O
exp

� ~O
th

( ~CNP)
i
. (5)

where O
exp,th

and C
exp,th

are the experimental and theoretical central values and covariance
matrices, respectively. All dependence on NP is encoded in the NP contributions to the Wilson
coe�cients, CNP

i = Ci � CSM

i . The NP dependence of C
th

is neglected, but all correlations
between theoretical uncertainties are retained. Including the theoretical error correlations and
also the experimental ones, which have been provided for the new angular analysis by the LHCb
collaboration, the fit is independent of the basis of observables chosen (e.g. P 0

i vs. Si observables).
In other words, the “optimization” 18 of observables is automatically built in.

In total, the �2 used for the fit contains 88 measurements of 76 di↵erent observables by 6
experiments (see the original publication4 for references). The observables include B ! K⇤µ+µ�

angular observables and branching ratios as well as branching ratios of B ! Kµ+µ�, B !
Xsµ+µ�, Bs ! �µ+µ�, B ! K⇤�, B ! Xs�, and Bs ! µ+µ�.

2.2 Compatibility of the SM with the data

Setting the Wilson coe�cients to their SM values, we find �2

SM

⌘ �2(~0) = 116.9 for 88 mea-
surements, corresponding to a p value of 2.1%. Including also b ! se+e� observablesc the �2

deteriorates to 125.8 for 91 measurements, corresponding to p = 0.91%. The observables with
the biggest individual tensions are listed in table 1. It should be noted that the observables
in this table are not independent. For instance, of the set (S

5

, FL, P 0
5

), only the first two are
included in the fit as the last one can be expressed as a function of them18,d.

cWe have not yet included the recent measurement 19 of B ! K⇤e+e� angular observables at very low q2.
Although these observables are not sensitive to the violation of LFU, being dominated by the photon pole, they
can provide important constraints on the Wilson coe�cients C(0)

7 .
dIncluding the last two instead leads to equivalent results since we include correlations as mentioned above;

this has been checked explicitly.


