
Flavor Theory
Flavor as a portal beyond the Standard Model

Matthias Neubert
Johannes Gutenberg University Mainz

International Europhysics Conference on High-Energy Physics
Grenoble, France, 21-27 July 2011

01.02.2010

Mainzer MarkenzeichenMainzer Markenzeichen

TRIGA Ionenfallen MAMI LHC IceCube

ultrakalte
Neutronen

Antiprotonen Hadronen-
struktur

Higgs, SUSY,
Extra-Dimensionen

Neutrinos

Energie [GeV]
101410410010-1310-18

Anwendung komplementärer Methoden, Ansätze und
Experimente zur Verfolgung gemeinsamer Ziele

Methodische Vielfalt

Breiter Bereich der physikalischen Skalen;
„von den niedrigsten zu den höchsten Energien“



Introduction - Flavor as a portal beyond the SM

• Besides the hierarchy problem (mechanism of EWSB) 
and the dark-matter puzzle, the origin of flavor is one 
of the big, unsolved mysteries of fundamental physics

‣ connected to deep questions such as the matter-
antimatter asymmetry in the Universe, the origin 
of fermion generations, and the reason for the 
striking hierarchies observed in the spectrum of 
fermion masses and mixing angles

‣ in SM, flavor physics is connected to EWSB via 
the Higgs Yukawa interactions

• Flavor physics is an issue for any extension of the SM 
(“flavor problem”)



Introduction - Flavor as a portal beyond the SM

• For almost two decades, when SUSY was the most 
popular extension of the SM, flavor physics was largely 
ignored and considered irrelevant to high-energy 
discovery physics

• The reason was that SUSY has little to say about the 
origin of flavor -- and worse, that flavor is potentially 
problematic for many (generic) SUSY models

• Fortunately, in recent years the situation has changed 
significantly

• Flavor is now generally viewed as a key ingredient of 
any BSM theory, which may help to discover New 
Physics (even beyond the direct LHC reach) and 
decipher its nature

?



Introduction - Flavor as a portal beyond the SM

• New Physics contribution from s- 
or t-channel exchange of a new 
heavy particle, interfering with SM 
tree-level contribution

• In all but one model,*) the 
existence of new heavy particles 
with non-trivial flavor structure 
is required!

Intriguing example:  Anomalous top-quark forward-backward 
asymmetry at the Tevatron
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requires flavor off-diagonal 
couplings of top to light quarks

gAtgAq

*)  Tavarez, Schmalz (2011): light axigluon model

see e.g.:
Grinstein, Kagan, Trott, Zupan (2011); 
Blum, Hochberg, Nir (2011);
Haisch, Westhoff (2011)
Westhoff @ EPS11



Standard Model and Beyond: The Gordian Knot

What is the “New Physics” and how to find it ?



NMSSM

Standard Model and Beyond
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Complementary of direct and indirect searches
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• Production of new particles at high-energy 
colliders probes directly the structure of 
matter and its interactions

• But quite different scenarios of New 
Physics can lead to very similar signatures 
and hence to experimental signals that are 
difficult to disentangle

• Low-energy precision measurements study 
quantum corrections from virtual particles, 
offering indirect insights into the structure 
of matter and its interactions

• In the history of physics, this has often 
provided first clues about a new layer of 
reality (e.g. weak interactions, charm and 
top quarks, Higgs boson, ...), since it 
provides sensitivity to higher energy scales

Weiler @ EPS11



Legacy of the B factories (BaBar, Belle, CDF, D0)

u

c

t

d s

1 λ λ3

−λ 1

1

λ2

−λ2−λ3








V ≈

λ ≈ 0.22:  Cabibbo angle
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V:  CKM matrixδ:  unit matrix

qi qjδij
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2008 Nobel Prize to Kobayashi, Maskawa

• Spectacular confirmation of the CKM model 
as the dominant source of flavor and CP 
violation

• All flavor-violating interactions encoded in 
Yukawa couplings to Higgs boson

• Suppression of flavor-changing neutral 
currents (FCNCs) and CP violation in quark 
sector due to unitarity of CKM matrix, small 
mixing angles, and GIM mechanism *)

M. KobayashiN. Cabibbo T. Maskawa

*)  EPS HEPP Prize 2011 to Glashow, Iliopoulos, Maiani
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In extensions of the SM, additional flavor and CP 
violation can arise from exchange of new scalar 
(H+, q, ...), fermionic (g, t′, ...), or gauge (Z′,W′, ...) 
degrees of freedom

• new flavor-violating terms in general not 
aligned with SM Yukawa couplings Yu, Yd  

• can lead to excessive FCNCs, unless:

- new particles are very heavy:  mi >> 1 TeV

- their masses are degenerate:  Δmij << mi 

- or mixing angles are very small:  Uij << 1
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Flavor Structure in the SM and Beyond

The absence of dominant New Physics 
signals in FCNCs implies strong constraints 
on the flavor structure of TeV-scale physics!



Flavor Structure in the SM and Beyond
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Introduction - Flavor as a portal beyond the SM

A more refined look indeed hints at some tensions with the SM in several areas 
of flavor physics: 

At present, some of the most tantalizing hints (not more) of BSM physics -- 
besides (g-2)μ and the top-quark forward-backward asymmetry at the Tevatron 
-- come from the flavor sector!

Bd-meson system
• Tensions in UT fit
• Vub crisis
• sin2β tree vs. penguin

Bs-meson system
• CPV in Bs-meson mixing
• Anomalous like-sign 

dimuon production
• Rare decay Bs→μ+μ-

We live in exciting times, since many of these hints will very 
soon be cross-checked and perhaps corroborated at LHC!



Outline

•  Recent developments in flavor theory

•  Hints for New Physics in B-meson mixing

•  Hints for New Physics in B-meson decays

•  Outlook

Unfortunately no time for:

•  Production of heavy flavors

•  Spectroscopy and exotic states

•  Detailed discussion of hadronic B-meson decays

•  Detailed discussion of improved CKM measurements

•  Charm decays and D-meson mixing ...



Recent developments in flavor theory

!



Recent developments in flavor theory

• Intense theory effort of hard-core QFT calculations for 
flavor observables (~1990-2010) based on heavy-
quark expansions, effective field theories and lattice 
QCD has been a triumph of particle phenomenology

• Many important conceptual developments (HQET, 
NRQCD, QCDF, SCET, LCSR, ...)

• In several cases, irreducible theoretical uncertainties 
have been reached

• Compared to a few years ago, there have been 
relatively few new theoretical calculations with a direct 
impact on phenomenology

‣ discuss three examples

Khodjamirian @ EPS11; Melikhov @ EPS11

Blossier @ EPS11; Tantalo @ EPW11



Inclusive semileptonic B-decay spectra

• Two-loop QCD corrections (~αs2) to differential B→Xqlν 
(for q=c,u) have been calculated

• Their effects on moments have been computed

• Higher-order power corrections ~1/mb4,5 have been 
estimated

• One-loop QCD corrections to the leading power-
suppressed corrections have still only been calculated 
for the kinetic operator (~αs·μπ2/mb2)

• Resummation of Sudakov logarithms in the shape-
function region has been completed at NNLO (~N3LL)

✵ extraction of |Vcb|, |Vub|, mb, mc, heavy-quark parameters

Melnikov (2008); Pak, Czarnecki (2008); Biswas, Melnikov (2009); Bonciani, Ferroglia (2008); 
Asatrian, Greub, Pecjak (2008); Beneke, Huber, Li (2008); Bell (2008)

Gambino (2011)

Mannel, Turczyk, Uraltsev (2010)

Becher, Boos, Lunghi (2007)

Greub, MN, Pecjak (2009)



QCD factorization for hadronic B decays

• One-loop corrections to hard spectator scattering (tree 
and penguin topologies)

• Imaginary parts of two-loop vertex corrections 

• Two-loop vertex corrections to topological tree 
amplitudes 

• 2-loop penguin topologies in progress

Calculation of BBNS kernels TijI,II at NNLO:
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ij
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M2

+ T II
i

ΦM1

ΦM2

ΦB

B

M1

M2

Figure 1: Graphical representation of the factorization formula. Only one of the two
form-factor terms in (??) is shown for simplicity.

an operator Oi in the weak effective Hamiltonian is given by

〈M1M2|Oi|B̄〉 =
∑

j

F B→M1
j (m2

2)
∫ 1

0
du T I

ij(u) ΦM2(u) + (M1 ↔ M2)

+
∫ 1

0
dξdudv T II

i (ξ, u, v) ΦB(ξ) ΦM1(v) ΦM2(u)

if M1 and M2 are both light, (4)

〈M1M2|Oi|B̄〉 =
∑

j

F B→M1
j (m2

2)
∫ 1

0
du T I

ij(u) ΦM2(u)

if M1 is heavy and M2 is light.

Here F B→M1,2

j (m2
2,1) denotes a B → M1,2 form factor, and ΦX(u) is the light-cone

distribution amplitude for the quark-antiquark Fock state of meson X. These non-
perturbative quantities will be defined precisely in the next subsection. T I

ij(u) and
T II

i (ξ, u, v) are hard-scattering functions, which are perturbatively calculable. The
hard-scattering kernels and light-cone distribution amplitudes depend on a factor-
ization scale and scheme, which is suppressed in the notation of (??). Finally, m1,2

denote the light meson masses. Eq. (??) is represented graphically in Fig. ??. (The
second line of the first equation in (??) is somewhat simplified and may require in-
cluding an integration over transverse momentum in the B meson starting from order
α2

s , see the remarks after (??).)
As it stands, the first equation in (??) applies to decays into two light mesons, for

which the spectator quark in the B meson (in the following simply referred to as the
“spectator quark”) can go to either of the final-state mesons. An example is the decay
B− → π0K−. If the spectator quark can go only to one of the final-state mesons, as
for example in B̄d → π+K−, we call this meson M1 and the second form-factor term
on the right-hand side of (??) is absent.

The factorization formula simplifies when the spectator quark goes to a heavy
meson (second equation in (??)), such as in B̄d → D+π−. In this case the third term
on the right-hand side of (??), which accounts for hard interactions with the spectator

6

Beneke, Jäger (2005); Kivel (2006); Pilipp (2007);
Beneke, Jäger (2006); Jain, Rothstein, Stewart (2007)

Bell (2007)

Beneke, Huber, Li (2009); Bell 2009

Bell, Beneke, Huber, Li



Non-local power corrections in B→Xsγ decay
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Misiak et al. (2006) Benzke, Lee, MN, Paz (2010)



Non-local power corrections in B→Xsγ decay
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Figure 1: Graphical illustration of the three terms in the QCD factorization theorem (3)
for B̄ → Xsγ decay in the endpoint region. The dashed lines represent soft interactions,
which must be power expanded and factored off the remaining building blocks to derive
factorization.

shape functions are forward matrix elements of non-local HQET operators on the light cone.
The symbol ⊗ implies a convolution, which arises when the soft and jet functions share some
common variables.

The new element, which makes the analysis of B̄ → Xsγ decay more involved than that
of semileptonic decays, is the presence of “resolved photon” contributions, which contain
subprocesses in which the photon couples to light partons instead of connecting directly to
the effective weak-interaction vertex [33–38]. As we will show, these subprocesses probe the
hadronic substructure of the photon at a scale of order

√

EγΛQCD. The corresponding effects

can be described by introducing new jet functions J̄ (n)
i . There is no analog of this phenomenon

in semileptonic decays, because a lepton-neutrino pair can only couple to light partons via W -
boson exchange. The factorization formula we obtain for the photon spectrum in the endpoint
region is

dΓ(B̄ → Xsγ) =
∞

∑

n=0

1

mn
b

∑

i

H(n)
i J (n)

i ⊗ S(n)
i (3)

+
∞

∑

n=1

1

mn
b

[

∑

i

H(n)
i J (n)

i ⊗ S(n)
i ⊗ J̄ (n)

i +
∑

i

H(n)
i J (n)

i ⊗ S(n)
i ⊗ J̄ (n)

i ⊗ J̄ (n)
i

]

.

It contains “direct photon” contributions of the same form as (2), accompanied by single
and double resolved photon contributions that are new. Our notation is symbolic; objects
denoted by the same symbol in the various terms are, in general, different quantities. Note
the important fact that the new contributions appear first at order 1/mb in the heavy-quark

expansion. While the jet functions J (n)
i are cut propagator functions dressed by Wilson lines,

the jet functions J̄ (n)
i are given in terms of full propagator functions dressed by Wilson lines.

A graphical illustration of the factorization formula is shown in Figure 1.
When the photon spectrum is integrated over an interval much larger than the endpoint

region, the direct photon contributions simplify to a series of hard coefficients multiplying
forward B-meson matrix elements of local operators, in analogy to what happens in semilep-

3

Systematic analysis of non-local ΛQCD/mb corrections based on novel 
factorization theorem derived using soft-collinear effective theory:

Benzke, Lee, MN, Paz (2010)

• Estimate irreducible theoretical uncertainty in the calculation of 
the B→Xsγ branching ratio of about ±5% (relative error)

• Show that non-local power corrections give the formally leading 
contribution to the direct CP asymmetry in the Standard Model:

3

equal to the HQET parameter 2λ2 ≈ (0.5 GeV)2. No rig-

orous constraints are known for the function h(1)
78 . Note

that the parameter Λ̃B̄
78 in (5) depends on the flavor of the

spectator quark inside the B̄ meson. In the limit of SU(3)
flavor symmetry, it can be shown that Λ̃B̄

78 = espec Λ̃78 [5],
where espec denotes the electric charge of the spectator
quark in units of e (espec = 2/3 for B− and −1/3 for
B̄0). Evaluating the hadronic matrix element of the cor-
responding non-local four-quark operator in the vacuum
insertion approximation, we find that

Λ̃B̄
78 ≈ espec Λ̃78 ≈ espec

2f2
BMB

9

∫ ∞

0
dω

[

φB
+(ω)

]2

ω
, (9)

where fB ≈ 193MeV is the B-meson decay constant and
φB

+ its leading light-cone distribution amplitude [24].
At present, there does not exist any systematic the-

oretical approach to determine the hadronic parameters
Λ̃ij from first principles. Numerical estimates must then
be obtained by modeling the corresponding soft func-
tions. Employing the models studied in [5], we obtain
the ranges

−330 MeV <Λ̃u
17 < +525 MeV ,

−9 MeV <Λ̃c
17 < +11 MeV ,

17 MeV <Λ̃78 < 190 MeV .

(10)

All three estimates are very uncertain, but we observe
that Λ̃u

17 and Λ̃78 are expected to be of order ΛQCD. The
slight preference for positive values of Λ̃q

17 is due to the
normalization constraint on the function h17 mentioned
above. Note that in the formal limit mc → mu = 0
the values of Λ̃u

17 and Λ̃c
17 coincide. However, we pre-

dict a strong GIM violation owing to the fact that the
integral in the second relation in (6) starts at 4m2

c/mb ≈
1.1GeV, at which the soft function is expected to take
already rather small values, since it is governed by non-
perturbative dynamics and must vanish for ω → ∞.

The complete theoretical result for the partially inclu-
sive CP asymmetry in B̄ → Xsγ decay is obtained by
adding the direct and resolved contributions (2) and (5).
In order to understand better the structure of the result,
we now present some approximate formulae obtained by
using expression (3) for the direct contribution. Our nu-
merical results will always be derived using the exact
expression. For the CP asymmetry in the SM, we obtain

ASM
Xsγ ≈ π

∣

∣

∣

∣

C1

C7γ

∣

∣

∣

∣

Im εs

(

Λ̃u
17 − Λ̃c

17

mb
+

40αs

9π

Λc

mb

)

=

(

1.11 ×
Λ̃u

17 − Λ̃c
17

300 MeV
+ 0.69

)

% .

(11)

We fix the photon cut at E0 = 1.9GeV and use λ =
0.225, ρ = 0.144, η = 0.342 for the Wolfenstein param-
eters. Our choice µ = 2GeV for the factorization scale

(for which αs(µ) = 0.307, and C1(µ) = 1.204, C7γ(µ) =
−0.381, C8g(µ) = −0.175 at leading order) is motivated
by the fact that the strong phases required for a non-zero
CP asymmetry arise either from GIM violations related
to charm-quark loops (for which µ ∼ 2mc), or from cut
hard-collinear propagators (for which µ ∼

√

mbΛQCD).
In the resolved photon term we keep the contribution of
Λ̃c

17 in order to make explicit that the CP asymmetry van-
ishes in the formal limit mc = mu due to the GIM mech-
anism. In practice, however, this contribution can be
safely neglected. We do not show the dependences of our
results on variations of the input parameters, which are
much smaller than the uncertainties associated with the
resolved photon contributions. Our central value 0.69%
for the direct photon term is larger than that obtained
in [9] since we use smaller values for µ and mc.

The resolved photon term proportional to Λ̃u
17 in (11) is

parametrically larger than the direct photon term, which
contains an additional αs suppression. Numerically, this
term dominates as long as |Λ̃u

17| is larger than about
200MeV. Using the model estimates shown in (10) we
find the range −0.5% < ASM

Xsγ < 2.6%, which covers most
of the experimentally allowed range (1). Only a value of
the asymmetry below −2% could be interpreted as a sign
of new physics, as in this case Λ̃u

17 < −750MeV would be
much larger in magnitude than our model expectations.

In extensions of the SM, in which the dipole coefficients
C7γ and C8g receive new CP-violating contributions, ad-
ditional terms arise. Using the approximation (3), we
find

AXsγ

π
≈

[

(

40

81
−

40

9

Λc

mb

)

αs

π
+

Λ̃c
17

mb

]

Im
C1

C7γ

−

(

4αs

9π
− 4παs espec

Λ̃78

mb

)

Im
C8g

C7γ
(12)

−

(

Λ̃u
17 − Λ̃c

17

mb
+

40

9

Λc

mb

αs

π

)

Im

(

εs
C1

C7γ

)

.

For the first two terms the resolved photon contribu-
tions give rise to power corrections to the direct photon
terms, which are numerically significant since αs/π ∼
ΛQCD/mb. For the third term, which is the only one
present in the SM, the resolved photon contribution is
likely to be more important that the direct photon term.

To illustrate the impact of the resolved photon terms,
we consider the class of new-physics models in which the
dominant non-standard effects are encoded in the val-
ues of the dipole operators, which we parameterize in
the form C7γ/C1 = (C7γ/C1)SM r7 eiθ7 and C8g/C1 =

(C8g/C1)SM r8 eiθ8 . Using that εs = −λ2
√

ρ2 + η2 e−iγ
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of the experimentally allowed range (1). Only a value of
the asymmetry below −2% could be interpreted as a sign
of new physics, as in this case Λ̃u

17 < −750MeV would be
much larger in magnitude than our model expectations.

In extensions of the SM, in which the dipole coefficients
C7γ and C8g receive new CP-violating contributions, ad-
ditional terms arise. Using the approximation (3), we
find
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For the first two terms the resolved photon contribu-
tions give rise to power corrections to the direct photon
terms, which are numerically significant since αs/π ∼
ΛQCD/mb. For the third term, which is the only one
present in the SM, the resolved photon contribution is
likely to be more important that the direct photon term.

To illustrate the impact of the resolved photon terms,
we consider the class of new-physics models in which the
dominant non-standard effects are encoded in the val-
ues of the dipole operators, which we parameterize in
the form C7γ/C1 = (C7γ/C1)SM r7 eiθ7 and C8g/C1 =

(C8g/C1)SM r8 eiθ8 . Using that εs = −λ2
√

ρ2 + η2 e−iγ



Recent developments in flavor theory

• Important: Some of the theoretical tools originally 
developed for flavor physics have found important 
applications in other fields, e.g.:

‣ Renormalon calculus for estimating power 
corrections for non-Euclidean observables (1990s)

‣ SCET applications to collider physics: an effective 
field theory approach to factorization, Sudakov 
resummation, and jet physics

‣ SCET applications to heavy-ion physics



Flavor phenomenology in extensions of the SM

• Much recent activity on a variety of models, including: 

‣ SUSY models (MSSM, CMSSM, BMSSM, ...) 

‣ (SUSY-) GUTs 

‣ models with extra dimensions (UED, RS, ...)

‣ models with extended Higgs sectors

‣ models with a 4th generation

‣ models with new gauge bosons W’, Z’

• Models featuring a warped extra dimension (Randall-
Sundrum) offer a simultaneous, geometrical solution 
to the hierarchy and flavor problems 

‣ very different from SUSY

Crivellin @ EPS11; Straub @ EPS11;
Jones=Perez @ EPS11

e.g.: Buras et al. (2010); 
Rohrwild et al. (2009, 2010, 2011)
Soni @ EPS11; Xu @ EPS11

e.g.: Buras, Nagai, Paradisi (2010);
Girrbach et al. (2011)
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e.g.: Buras, Carlucci, Gori, Isidori 
(2010); Blankenburg, Isidori (2011)

Csaki, Falkowski, Weiler (2008);
Casagrande, Goertz, Haisch, MN, Pfoh  (2008);
Blanke, Buras, Duling, Gori, Weiler (2008); 
Blanke, Buras, Duling, Gemmler, Gori (2008);
Bauer, Casagrande, Haisch, MN (2009)



What is the dynamics of flavor?
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While SM describes flavor physics 
very accurately, it does not explain its 
mysteries: 

• Why are there three generations in 
nature?

• Why does the spectrum of fermion 
masses cover so many orders of 
magnitude?

• Why is the mixing between 
different generations governed by 
small mixing angles?

• Why is the CP-violating phase of 
the CKM matrix unsuppressed?



Flavor structure in RS models

R’R

ultraviolet 
(UV) brane

infrared 
(IR) brane

z

ds2 =
�

R

z

�2 �
ηµνdxµdxν − dz2

�

• Solution to gauge hierarchy problem via gravitational redshift

• AdS/CFT calculable strong electroweak-symmetry breaking: 
holographic technicolor, composite Higgs

• Unification possible due to logarithmic running of couplings 

Randall, Sundrum (1999)
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Higgs,
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F(dR)
7 14 21 280

light quarks  heavy quarks

Localization of fermions in extra dimension depends exponentially on O(1) 
parameters related to the five-dimensional bulk masses. Overlaps F(QL),      
F(qR) with IR-localized Higgs sector and Yukawa couplings are exponentially 
small for light quarks, while O(1) for top quark 

Flavor structure in RS models

Grossman, Neubert (1999); Ghergetta, Pomarol (2000)



Hierarchies of quark masses and CKM angles

SM mass matrices can be written as: 

where Yq with q = u,d  are structureless, complex Yukawa matrices with O(1) 

entries, and F(Qi) << F(Qj), F(qi) << F(qj) for i < j 

• In analogy to seesaw mechanism, matrices 
of this form give rise to hierarchical mass 
eigenvalues and mixing matrices

• Hierarchies can be adjusted by O(1) 
variations of bulk mass parameters

• Yet the CKM phase is predicted to be O(1) 








mSM

q =
v√
2

diag [F (Qi)]Y q diag [F (qi)] =

Warped-space Froggatt-Nielsen mechanism!

Huber (2003)

Casagrande et al. (2008); Blanke et al. (2008)



warped extra dimension
AdS5 geometry

Kaluza-Klein (KK) excitations of SM particles live close to the IR brane

37

UV brane IR brane

7 14 21 280

Kaluza-Klein (KK) 
modes

light quarks  heavy quarks

warped extra dimension
AdS5 geometry

Flavor structure in RS models

Davoudiasl, Hewett, Rizzo (1999); Pomarol (1999)



RS-GIM protection of FCNCs

• Quark FCNCs are induced at tree-level through virtual exchange of KK gauge 
bosons (including KK gluons!)

• Resulting FCNC couplings depend on same exponentially small overlaps         
F(QL), F(qR) that generate fermion masses

• FCNCs involving quarks other than top are strongly suppressed                                   
(true for all induced FCNC couplings) 

∼ g2
s

M2
KK

L F (Q1L)F (dR) F (Q2L)F (sR)

F (Q2L)

d

d

s

s

g(1)

gs

√
L gs

√
L

F (Q1L)

F (dR)

F (sR)

This mechanism suffices to suppress all but one 
of the dangerous FCNC couplings!

Huber (2003); Burdman (2003); Agashe et al. (2004); 
Casagrande et al. (2008)

Agashe et al. (2004)



RS-GIM Protection of FCNCs
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Hints for New Physics in B-meson mixing



Basic formulae

6 2 Setting the scene

which we allow for New Physics in the Bd−Bd mixing and the Bs−Bs mixing systems
and we project the results onto the New Physics parameters that describe the Bd−Bd

mixing and the Bs−Bs mixing systems. Sects. 4.3 and 4.4 are dedicated to two MFV
scenarios with correlated effects in all meson–antimeson mixing amplitudes. Finally, we
conclude and list a few perspectives for the close future.

2 Setting the scene

2.1 B−B mixing basics

Bq−Bq oscillations (with q = d or q = s) are described by a Schrödinger equation:

i
d

dt

(
|Bq(t)〉
|B̄q(t)〉

)
=

(
M q −

i

2
Γq

)(
|Bq(t)〉
|B̄q(t)〉

)
(1)

with the mass matrix M q = M q† and the decay matrix Γq = Γq†. The physical eigenstates
|Bq

H〉 and |Bq
L〉 with masses M q

H , M
q
L and decay rates Γq

H , Γ
q
L are obtained by diagonalizing

M q− iΓq/2. The Bq−Bq oscillations in Eq. (1) involve the three physical quantities |M q
12|,

|Γq
12| and the CP phase

φq = arg(−M q
12/Γ

q
12). (2)

We denote the average Bq mass and width by MBq and ΓBq , respectively. The mass and
width differences between Bq

L and Bq
H are related to them as

∆Mq = M q
H −M q

L = 2 |M q
12|, ∆Γq = Γq

L − Γq
H = 2 |Γq

12| cosφq, (3)

up to numerically irrelevant corrections of order m2
b/M

2
W . ∆Mq simply equals the fre-

quency of the Bq−Bq oscillations (for details see e.g. [39]). A third quantity probing
mixing is

aqfs = 2

(
1−

∣∣∣∣
q

p

∣∣∣∣

)
= Im

Γq
12

M q
12

=
|Γq

12|
|M q

12|
sinφq =

∆Γq

∆Mq

tanφq. (4)

aqfs is the CP asymmetry in flavour-specific Bq → f decays, i.e., the decays B̄q → f and
Bq → f̄ are forbidden. The standard way to measure aqfs uses Bq → X"+ν! decays, which
explains the common name semileptonic CP asymmetry for aqfs, with the corresponding
notation aqSL (for more details see e.g. [40]). In theoretical contexts, we use the notation
aqfs in this paper, while we write aqSL when referring to the specific experimental observable
inferred from semileptonic decays. Further

q

p
= −

√
2M∗

12 − iΓ∗
12

2M12 − iΓ12
. (5)

Let us now discuss our theoretical understanding of the off-diagonal terms of the evolution
matrix, which are responsible for Bq−Bq mixing. The dispersive term M q

12 is completely

6 2 Setting the scene

which we allow for New Physics in the Bd−Bd mixing and the Bs−Bs mixing systems
and we project the results onto the New Physics parameters that describe the Bd−Bd

mixing and the Bs−Bs mixing systems. Sects. 4.3 and 4.4 are dedicated to two MFV
scenarios with correlated effects in all meson–antimeson mixing amplitudes. Finally, we
conclude and list a few perspectives for the close future.

2 Setting the scene

2.1 B−B mixing basics

Bq−Bq oscillations (with q = d or q = s) are described by a Schrödinger equation:

i
d

dt

(
|Bq(t)〉
|B̄q(t)〉

)
=

(
M q −

i

2
Γq

)(
|Bq(t)〉
|B̄q(t)〉

)
(1)

with the mass matrix M q = M q† and the decay matrix Γq = Γq†. The physical eigenstates
|Bq

H〉 and |Bq
L〉 with masses M q

H , M
q
L and decay rates Γq

H , Γ
q
L are obtained by diagonalizing

M q− iΓq/2. The Bq−Bq oscillations in Eq. (1) involve the three physical quantities |M q
12|,

|Γq
12| and the CP phase

φq = arg(−M q
12/Γ

q
12). (2)

We denote the average Bq mass and width by MBq and ΓBq , respectively. The mass and
width differences between Bq

L and Bq
H are related to them as

∆Mq = M q
H −M q

L = 2 |M q
12|, ∆Γq = Γq

L − Γq
H = 2 |Γq

12| cosφq, (3)

up to numerically irrelevant corrections of order m2
b/M

2
W . ∆Mq simply equals the fre-

quency of the Bq−Bq oscillations (for details see e.g. [39]). A third quantity probing
mixing is

aqfs = 2

(
1−

∣∣∣∣
q

p

∣∣∣∣

)
= Im

Γq
12

M q
12

=
|Γq

12|
|M q

12|
sinφq =

∆Γq

∆Mq

tanφq. (4)

aqfs is the CP asymmetry in flavour-specific Bq → f decays, i.e., the decays B̄q → f and
Bq → f̄ are forbidden. The standard way to measure aqfs uses Bq → X"+ν! decays, which
explains the common name semileptonic CP asymmetry for aqfs, with the corresponding
notation aqSL (for more details see e.g. [40]). In theoretical contexts, we use the notation
aqfs in this paper, while we write aqSL when referring to the specific experimental observable
inferred from semileptonic decays. Further

q

p
= −

√
2M∗

12 − iΓ∗
12

2M12 − iΓ12
. (5)

Let us now discuss our theoretical understanding of the off-diagonal terms of the evolution
matrix, which are responsible for Bq−Bq mixing. The dispersive term M q

12 is completely

6 2 Setting the scene

which we allow for New Physics in the Bd−Bd mixing and the Bs−Bs mixing systems
and we project the results onto the New Physics parameters that describe the Bd−Bd

mixing and the Bs−Bs mixing systems. Sects. 4.3 and 4.4 are dedicated to two MFV
scenarios with correlated effects in all meson–antimeson mixing amplitudes. Finally, we
conclude and list a few perspectives for the close future.

2 Setting the scene

2.1 B−B mixing basics

Bq−Bq oscillations (with q = d or q = s) are described by a Schrödinger equation:

i
d

dt

(
|Bq(t)〉
|B̄q(t)〉

)
=

(
M q −

i

2
Γq

)(
|Bq(t)〉
|B̄q(t)〉

)
(1)

with the mass matrix M q = M q† and the decay matrix Γq = Γq†. The physical eigenstates
|Bq

H〉 and |Bq
L〉 with masses M q

H , M
q
L and decay rates Γq

H , Γ
q
L are obtained by diagonalizing

M q− iΓq/2. The Bq−Bq oscillations in Eq. (1) involve the three physical quantities |M q
12|,

|Γq
12| and the CP phase

φq = arg(−M q
12/Γ

q
12). (2)

We denote the average Bq mass and width by MBq and ΓBq , respectively. The mass and
width differences between Bq

L and Bq
H are related to them as

∆Mq = M q
H −M q

L = 2 |M q
12|, ∆Γq = Γq

L − Γq
H = 2 |Γq

12| cosφq, (3)

up to numerically irrelevant corrections of order m2
b/M

2
W . ∆Mq simply equals the fre-

quency of the Bq−Bq oscillations (for details see e.g. [39]). A third quantity probing
mixing is

aqfs = 2

(
1−

∣∣∣∣
q

p

∣∣∣∣

)
= Im

Γq
12

M q
12

=
|Γq

12|
|M q

12|
sinφq =

∆Γq

∆Mq

tanφq. (4)

aqfs is the CP asymmetry in flavour-specific Bq → f decays, i.e., the decays B̄q → f and
Bq → f̄ are forbidden. The standard way to measure aqfs uses Bq → X"+ν! decays, which
explains the common name semileptonic CP asymmetry for aqfs, with the corresponding
notation aqSL (for more details see e.g. [40]). In theoretical contexts, we use the notation
aqfs in this paper, while we write aqSL when referring to the specific experimental observable
inferred from semileptonic decays. Further

q

p
= −

√
2M∗

12 − iΓ∗
12

2M12 − iΓ12
. (5)

Let us now discuss our theoretical understanding of the off-diagonal terms of the evolution
matrix, which are responsible for Bq−Bq mixing. The dispersive term M q

12 is completely

6 2 Setting the scene

which we allow for New Physics in the Bd−Bd mixing and the Bs−Bs mixing systems
and we project the results onto the New Physics parameters that describe the Bd−Bd

mixing and the Bs−Bs mixing systems. Sects. 4.3 and 4.4 are dedicated to two MFV
scenarios with correlated effects in all meson–antimeson mixing amplitudes. Finally, we
conclude and list a few perspectives for the close future.

2 Setting the scene

2.1 B−B mixing basics

Bq−Bq oscillations (with q = d or q = s) are described by a Schrödinger equation:

i
d

dt

(
|Bq(t)〉
|B̄q(t)〉

)
=

(
M q −

i

2
Γq

)(
|Bq(t)〉
|B̄q(t)〉

)
(1)

with the mass matrix M q = M q† and the decay matrix Γq = Γq†. The physical eigenstates
|Bq

H〉 and |Bq
L〉 with masses M q

H , M
q
L and decay rates Γq

H , Γ
q
L are obtained by diagonalizing

M q− iΓq/2. The Bq−Bq oscillations in Eq. (1) involve the three physical quantities |M q
12|,

|Γq
12| and the CP phase

φq = arg(−M q
12/Γ

q
12). (2)

We denote the average Bq mass and width by MBq and ΓBq , respectively. The mass and
width differences between Bq

L and Bq
H are related to them as

∆Mq = M q
H −M q

L = 2 |M q
12|, ∆Γq = Γq

L − Γq
H = 2 |Γq

12| cosφq, (3)

up to numerically irrelevant corrections of order m2
b/M

2
W . ∆Mq simply equals the fre-

quency of the Bq−Bq oscillations (for details see e.g. [39]). A third quantity probing
mixing is

aqfs = 2

(
1−

∣∣∣∣
q

p

∣∣∣∣

)
= Im

Γq
12

M q
12

=
|Γq

12|
|M q

12|
sinφq =

∆Γq

∆Mq

tanφq. (4)

aqfs is the CP asymmetry in flavour-specific Bq → f decays, i.e., the decays B̄q → f and
Bq → f̄ are forbidden. The standard way to measure aqfs uses Bq → X"+ν! decays, which
explains the common name semileptonic CP asymmetry for aqfs, with the corresponding
notation aqSL (for more details see e.g. [40]). In theoretical contexts, we use the notation
aqfs in this paper, while we write aqSL when referring to the specific experimental observable
inferred from semileptonic decays. Further

q

p
= −

√
2M∗

12 − iΓ∗
12

2M12 − iΓ12
. (5)

Let us now discuss our theoretical understanding of the off-diagonal terms of the evolution
matrix, which are responsible for Bq−Bq mixing. The dispersive term M q

12 is completely

6 2 Setting the scene

which we allow for New Physics in the Bd−Bd mixing and the Bs−Bs mixing systems
and we project the results onto the New Physics parameters that describe the Bd−Bd

mixing and the Bs−Bs mixing systems. Sects. 4.3 and 4.4 are dedicated to two MFV
scenarios with correlated effects in all meson–antimeson mixing amplitudes. Finally, we
conclude and list a few perspectives for the close future.

2 Setting the scene

2.1 B−B mixing basics

Bq−Bq oscillations (with q = d or q = s) are described by a Schrödinger equation:

i
d

dt

(
|Bq(t)〉
|B̄q(t)〉

)
=

(
M q −

i

2
Γq

)(
|Bq(t)〉
|B̄q(t)〉

)
(1)

with the mass matrix M q = M q† and the decay matrix Γq = Γq†. The physical eigenstates
|Bq

H〉 and |Bq
L〉 with masses M q

H , M
q
L and decay rates Γq

H , Γ
q
L are obtained by diagonalizing

M q− iΓq/2. The Bq−Bq oscillations in Eq. (1) involve the three physical quantities |M q
12|,

|Γq
12| and the CP phase

φq = arg(−M q
12/Γ

q
12). (2)

We denote the average Bq mass and width by MBq and ΓBq , respectively. The mass and
width differences between Bq

L and Bq
H are related to them as

∆Mq = M q
H −M q

L = 2 |M q
12|, ∆Γq = Γq

L − Γq
H = 2 |Γq

12| cosφq, (3)

up to numerically irrelevant corrections of order m2
b/M

2
W . ∆Mq simply equals the fre-

quency of the Bq−Bq oscillations (for details see e.g. [39]). A third quantity probing
mixing is

aqfs = 2

(
1−

∣∣∣∣
q

p

∣∣∣∣

)
= Im

Γq
12

M q
12

=
|Γq

12|
|M q

12|
sinφq =

∆Γq

∆Mq

tanφq. (4)

aqfs is the CP asymmetry in flavour-specific Bq → f decays, i.e., the decays B̄q → f and
Bq → f̄ are forbidden. The standard way to measure aqfs uses Bq → X"+ν! decays, which
explains the common name semileptonic CP asymmetry for aqfs, with the corresponding
notation aqSL (for more details see e.g. [40]). In theoretical contexts, we use the notation
aqfs in this paper, while we write aqSL when referring to the specific experimental observable
inferred from semileptonic decays. Further

q

p
= −

√
2M∗

12 − iΓ∗
12

2M12 − iΓ12
. (5)

Let us now discuss our theoretical understanding of the off-diagonal terms of the evolution
matrix, which are responsible for Bq−Bq mixing. The dispersive term M q

12 is completely

6 2 Setting the scene

which we allow for New Physics in the Bd−Bd mixing and the Bs−Bs mixing systems
and we project the results onto the New Physics parameters that describe the Bd−Bd

mixing and the Bs−Bs mixing systems. Sects. 4.3 and 4.4 are dedicated to two MFV
scenarios with correlated effects in all meson–antimeson mixing amplitudes. Finally, we
conclude and list a few perspectives for the close future.

2 Setting the scene

2.1 B−B mixing basics

Bq−Bq oscillations (with q = d or q = s) are described by a Schrödinger equation:

i
d

dt

(
|Bq(t)〉
|B̄q(t)〉

)
=

(
M q −

i

2
Γq

)(
|Bq(t)〉
|B̄q(t)〉

)
(1)

with the mass matrix M q = M q† and the decay matrix Γq = Γq†. The physical eigenstates
|Bq

H〉 and |Bq
L〉 with masses M q

H , M
q
L and decay rates Γq

H , Γ
q
L are obtained by diagonalizing

M q− iΓq/2. The Bq−Bq oscillations in Eq. (1) involve the three physical quantities |M q
12|,

|Γq
12| and the CP phase

φq = arg(−M q
12/Γ

q
12). (2)

We denote the average Bq mass and width by MBq and ΓBq , respectively. The mass and
width differences between Bq

L and Bq
H are related to them as

∆Mq = M q
H −M q

L = 2 |M q
12|, ∆Γq = Γq

L − Γq
H = 2 |Γq

12| cosφq, (3)

up to numerically irrelevant corrections of order m2
b/M

2
W . ∆Mq simply equals the fre-

quency of the Bq−Bq oscillations (for details see e.g. [39]). A third quantity probing
mixing is

aqfs = 2

(
1−

∣∣∣∣
q

p

∣∣∣∣

)
= Im

Γq
12

M q
12

=
|Γq

12|
|M q

12|
sinφq =

∆Γq

∆Mq

tanφq. (4)

aqfs is the CP asymmetry in flavour-specific Bq → f decays, i.e., the decays B̄q → f and
Bq → f̄ are forbidden. The standard way to measure aqfs uses Bq → X"+ν! decays, which
explains the common name semileptonic CP asymmetry for aqfs, with the corresponding
notation aqSL (for more details see e.g. [40]). In theoretical contexts, we use the notation
aqfs in this paper, while we write aqSL when referring to the specific experimental observable
inferred from semileptonic decays. Further

q

p
= −

√
2M∗

12 − iΓ∗
12

2M12 − iΓ12
. (5)

Let us now discuss our theoretical understanding of the off-diagonal terms of the evolution
matrix, which are responsible for Bq−Bq mixing. The dispersive term M q

12 is completely

6 2 Setting the scene

which we allow for New Physics in the Bd−Bd mixing and the Bs−Bs mixing systems
and we project the results onto the New Physics parameters that describe the Bd−Bd

mixing and the Bs−Bs mixing systems. Sects. 4.3 and 4.4 are dedicated to two MFV
scenarios with correlated effects in all meson–antimeson mixing amplitudes. Finally, we
conclude and list a few perspectives for the close future.

2 Setting the scene

2.1 B−B mixing basics

Bq−Bq oscillations (with q = d or q = s) are described by a Schrödinger equation:

i
d

dt

(
|Bq(t)〉
|B̄q(t)〉

)
=

(
M q −

i

2
Γq

)(
|Bq(t)〉
|B̄q(t)〉

)
(1)

with the mass matrix M q = M q† and the decay matrix Γq = Γq†. The physical eigenstates
|Bq

H〉 and |Bq
L〉 with masses M q

H , M
q
L and decay rates Γq

H , Γ
q
L are obtained by diagonalizing

M q− iΓq/2. The Bq−Bq oscillations in Eq. (1) involve the three physical quantities |M q
12|,

|Γq
12| and the CP phase

φq = arg(−M q
12/Γ

q
12). (2)

We denote the average Bq mass and width by MBq and ΓBq , respectively. The mass and
width differences between Bq

L and Bq
H are related to them as

∆Mq = M q
H −M q

L = 2 |M q
12|, ∆Γq = Γq

L − Γq
H = 2 |Γq

12| cosφq, (3)

up to numerically irrelevant corrections of order m2
b/M

2
W . ∆Mq simply equals the fre-

quency of the Bq−Bq oscillations (for details see e.g. [39]). A third quantity probing
mixing is

aqfs = 2

(
1−

∣∣∣∣
q

p

∣∣∣∣

)
= Im

Γq
12

M q
12

=
|Γq

12|
|M q

12|
sinφq =

∆Γq

∆Mq

tanφq. (4)

aqfs is the CP asymmetry in flavour-specific Bq → f decays, i.e., the decays B̄q → f and
Bq → f̄ are forbidden. The standard way to measure aqfs uses Bq → X"+ν! decays, which
explains the common name semileptonic CP asymmetry for aqfs, with the corresponding
notation aqSL (for more details see e.g. [40]). In theoretical contexts, we use the notation
aqfs in this paper, while we write aqSL when referring to the specific experimental observable
inferred from semileptonic decays. Further

q

p
= −

√
2M∗

12 − iΓ∗
12

2M12 − iΓ12
. (5)

Let us now discuss our theoretical understanding of the off-diagonal terms of the evolution
matrix, which are responsible for Bq−Bq mixing. The dispersive term M q

12 is completely

Schrödinger equation:

Three observables:

Flavor-specific (e.g. semileptonic) asymmetries, assuming no CPV in the 
decay amplitudes:

CPV phase

oscillation frequency
(short-distance)

width difference
(common final states)

Parametrization of New Physics effects (assuming NP only in M12q): 

Mq
12

MSM,q
12

= ∆q = |∆q| eiφ
∆
q = 1 + hq e

i2σq



CP-violating observables

Mixing-induced, time-dependent CP asymmetries in decays to CP eigenstates:

Semileptonic asymmetry measured at B factories:    

Flavor-specific asymmetry in tree-level Bs0→μ+Ds-X decays (D0):
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The DØ Collaboration reported a 3.2σ deviation from the standard model prediction in the like-
sign dimuon asymmetry. Assuming that new physics contributes only to Bd,s mixing, we show
that the data can be analyzed without using the theoretical calculation of ∆Γs, allowing for robust
interpretations. We find that this framework gives a good fit to all measurements, including the
recent CDF Sψφ result. The data allow universal new physics with similar contributions relative
to the SM in the Bd and Bs systems, but favors a larger deviation in Bs than in Bd mixing. The
general minimal flavor violation framework with flavor diagonal CP violating phases can account for
the former and remarkably even for the latter case. This observation makes it simpler to speculate
about which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

abSL ≡
N++

b
−N−−

b

N++
b

+N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
abSL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d
and B0

s
are produced, and hence abSL

is a linear combination of the two asymmetries [1]

abSL = (0.506± 0.043) adSL + (0.494± 0.043) asSL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, measured by the B factories, adSL =

−(4.7± 4.6)× 10
−3

[3]; (ii) the flavor specific asymmetry

measured from time dependence of B0
s
→ µ+D−

s
X decay

and its CP conjugate, asfs = −(1.7± 9.1± 1.5)× 10
−3

[4];

and (iii) the measurements of ∆Γs and Sψφ (the CP

asymmetry in the CP-even part of the ψφ final state in

Bs decay) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then asfs = asSL. The SM predictions for the asymmetries

adSL and asSL are negligibly small, beyond the reach of the

Tevatron experiments [9–11]. If the evidence for the siz-

able dimuon charge asymmetry in Eq. (1) is confirmed,

it would unequivocally point to CP violation beyond the

CKM mechanism of the SM.

The present experimental uncertainties of adSL and asSL
separately are larger than that of their combination, abSL.
Thus, from Eq. (1) alone it is not clear if the tension with

the SM is in the Bd or in the Bs system. Bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM, while in Bs mixing much

larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the DØ result

in Eq. (1) is correlated with the Tevatron measurements

of Sψφ [12] (and∆Γs). These measurements provide non-

trivial tests of our hypothesis (see [13] for relaxing these

assumptions). Neglecting the small SM contribution to

Sψφ, the following relation holds between experimentally

measurable quantities [14]

asSL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH −mL. Using the new measurement in

Eq. (1) together with Eq. (2), the above relation implies

|∆Γs| � −∆ms

�
2.0 abSL − 1.0 adSL

��
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. The CDF and DØ

time-dependent Bs → ψφ analyses provide a measure-

ment of ∆Γs vs. Sψφ. Hence all quantities in Eq. (4) are

constrained, and our analysis can be performed without

the theoretical prediction of ∆Γs [15], using its determi-

nation from data instead.

Using the measured values of ∆ms and ab,dSL , we find

|∆Γs| ∼
�
(0.28± 0.15) ps−1

��
1− S2

ψφ

�
Sψφ . (5)
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to the SM in the Bd and Bs systems, but favors a larger deviation in Bs than in Bd mixing. The
general minimal flavor violation framework with flavor diagonal CP violating phases can account for
the former and remarkably even for the latter case. This observation makes it simpler to speculate
about which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

abSL ≡
N++

b
−N−−

b

N++
b

+N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
abSL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d
and B0

s
are produced, and hence abSL

is a linear combination of the two asymmetries [1]

abSL = (0.506± 0.043) adSL + (0.494± 0.043) asSL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, measured by the B factories, adSL =

−(4.7± 4.6)× 10
−3

[3]; (ii) the flavor specific asymmetry

measured from time dependence of B0
s
→ µ+D−

s
X decay

and its CP conjugate, asfs = −(1.7± 9.1± 1.5)× 10
−3

[4];

and (iii) the measurements of ∆Γs and Sψφ (the CP

asymmetry in the CP-even part of the ψφ final state in

Bs decay) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then asfs = asSL. The SM predictions for the asymmetries

adSL and asSL are negligibly small, beyond the reach of the

Tevatron experiments [9–11]. If the evidence for the siz-

able dimuon charge asymmetry in Eq. (1) is confirmed,

it would unequivocally point to CP violation beyond the

CKM mechanism of the SM.

The present experimental uncertainties of adSL and asSL
separately are larger than that of their combination, abSL.
Thus, from Eq. (1) alone it is not clear if the tension with

the SM is in the Bd or in the Bs system. Bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM, while in Bs mixing much

larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the DØ result

in Eq. (1) is correlated with the Tevatron measurements

of Sψφ [12] (and∆Γs). These measurements provide non-

trivial tests of our hypothesis (see [13] for relaxing these

assumptions). Neglecting the small SM contribution to

Sψφ, the following relation holds between experimentally

measurable quantities [14]

asSL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH −mL. Using the new measurement in

Eq. (1) together with Eq. (2), the above relation implies

|∆Γs| � −∆ms

�
2.0 abSL − 1.0 adSL

��
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. The CDF and DØ

time-dependent Bs → ψφ analyses provide a measure-

ment of ∆Γs vs. Sψφ. Hence all quantities in Eq. (4) are

constrained, and our analysis can be performed without

the theoretical prediction of ∆Γs [15], using its determi-

nation from data instead.

Using the measured values of ∆ms and ab,dSL , we find

|∆Γs| ∼
�
(0.28± 0.15) ps−1

��
1− S2

ψφ

�
Sψφ . (5)
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SψK = sin(2β + φ∆
d ) Sψφ = sin(2βs − φ∆

s )

Like-sign dimuon charge asymmetry (D0):

Ab
sl =

N++
b −N−−

b

N++
b +N−−

b

= Cd a
d
SL + (1− Cd) a

s
SL ; Cd = 0.594± 0.022

✵  No need to use the theoretical prediction for ΔΓs !

determined from data
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FIG. 15: (color online). (a) The asymmetry abkg (points with
error bars representing the total uncertainties), expected from
the measurements of the fractions and asymmetries for back-
ground processes, is compared to the measured asymmetry a
for the inclusive muon sample (shown as a histogram, since
the statistical uncertainties are negligible). The asymmetry
from CP violation is negligible compared to the background
in the inclusive muon sample. (b) The difference a − abkg.
The horizontal dashed line shows the mean value.

Table XIII, except the statistical uncertainties on a, A,
and RK , are treated as fully correlated. This leads to
α = 0.89, and the corresponding value of the asymmetry
Ab

sl is

Ab
sl = (−0.787± 0.172 (stat)± 0.093 (syst))%. (36)

This value is used as the final result for Ab
sl. It differs by

3.9 standard deviations from the standard model predic-
tion of Ab

sl given in Eq. (5). The different contributions
to the total uncertainty on Ab

sl in Eq. (36) are listed in
Table XIII.
The measured value of Ab

sl places a constraint on the
charge asymmetries adsl and assl. The asymmetry Ab

sl is a
linear combination of the semi-leptonic charge asymme-
tries from B0 and B0

s meson decays [2]. The coefficients
Cd and Cs in Eq. (2) depend on the mean mixing prob-
ability and the production rate of B0 and B0

s mesons.
We use the latest measurements of these quantities from
LEP as averaged by HFAG [3]

χ0(HFAG) = 0.1259± 0.0042, (37)

fd(HFAG) = 0.403± 0.009, (38)

fs(HFAG) = 0.103± 0.009, (39)
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-0.04 -0.02 0 0.02

SM

DØ, 9.0 fb-1

Standard Model

B Factory W.A.

DØ Bs!µDsX

DØ Ab
sl

DØ Ab
sl 95% C.L.
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FIG. 16: (color online). Comparison of Ab
sl in data with the

SM prediction for ad
sl and as

sl. Also shown are the measure-
ments of ad

sl [3] and as
sl [19]. The error bands represent the

±1 standard deviation uncertainties on each individual mea-
surement. The 95% C.L. band is also given for this Ab

sl mea-
surement.

and find the values given in Eq. (4).
Figure 16 presents the measurement in the (adsl, a

s
sl)

plane together with the existing direct measurements of
adsl from the B factories [3] and the independent D0 mea-
surement of assl in B0

s → µDsX decays [19]. All measure-
ments are consistent.
The quantity Ares defined as

Ares ≡ (A− αa)− (Abkg − αabkg) (40)

is the residual charge asymmetry of like-sign dimuon
events after subtracting all background contributions
from the raw charge asymmetry. This quantity does not
depend on the interpretation in terms of the charge asym-
metry of semi-leptonic decays of B mesons. We obtain

Ares = (−0.246± 0.052 (stat)± 0.021 (syst))%, (41)

The measured value of Ares differs by 4.2 standard devi-
ations from the standard model prediction

Ares(SM) = (−0.009± 0.002)%. (42)

XII. CONSISTENCY CHECKS

To study the stability of the result, we repeat this
measurement with modified selections, and with subsets

3.9 σ !

• not an easy measurement

• if taken at face value, a rather 
compelling hint of New Physics!
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FIG. 9: Cumulative likelihood ratio distribution for the two-dimensional profile likelihood (left) with the likelihood ratios for
all of the “alternate universes” (colored histograms) overlaid on that from the “default” universe (black histogram). Adjusted

two-dimensional profile likelihood of βJ/ψφ
s and ∆Γ in 5.2 fb−1 of data (right). The standard model point is indicated by the

black point with error bars. The p-value at the standard model point is 44%.

ranges are

βJ/ψφ
s ∈ [0.02, 0.52] ∪ [1.08, 1.55] at 68%C.L,

βJ/ψφ
s ∈ [−π/2,−1.44] ∪ [−0.13, 0.68] ∪ [0.89,π/2] at 95%C.L.

The p-value at the standard model point is 31%.

In addition to the flavor-tagged 2D and 1D results, we also quote a 2D coverage-adjusted contour in the βJ/ψφ
s −

∆Γ plane for the likelihood fit without flavor tagging, shown in Figs. 11. The coverage adjustment in the untagged
case is completely analogous to the adjustments made in the other cases, with 1,000 pseudo-experiments generated at
the standard model point in both the “default” universe and in sixteen “alternate” ones. The p-value at the standard
model point for the untagged contour is 8%. As in the case of the flavor-tagged contours, the untagged contour
includes any possible contribution from S-wave states to the φ mass window.

VI. CROSS-CHECKS OF LIKELIHOOD CONTOURS

A. Effect of coverage adjustment

The effect of the coverage adjustment on the one and two-dimensional contours can be seen in Fig. 12, which shows
the unadjusted profile likelihoods. This difference is expected to decrease as statistics becomes high enough that the
errors a Gaussian regime and the nuisance parameters are better constrained.

B. Time-dependence of result

In order to check for possible time-dependence of the result, we have divided the data in three approximately
equal periods of data-taking: 0 - 1.35 fb−1, 1.35 - 2.8 fb−1, and 2.8 - 5.2 fb−1. The unadjusted contours for the
three independent datasets are shown in Fig. 13. The variations observed are consistent with those seen in pseudo-
experiments of similar size [15].



Theoretical analyses (prior to D0 update)

FIG. 2: The allowed ranges of hs,σs (left) and hd,σd (right) from the combined fit to all four NP parameters.

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the

goodness of the fit is significantly degraded compared

with the non-universal case.

We now move to interpreting the above results, as-

suming that the dimuon asymmetry is indeed providing

evidence for deviation from the SM. Interestingly, with-

out restricting our discussion to a specific model, we can

still make the following general statements:

(i) The present data support the hypothesis that new

sources of CP violation are present and that they con-
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FIG. 3: The allowed hb,σb range assuming SU(2) universality.

tribute mainly to ∆F = 2 processes via the mixing am-

plitude. As is well known, these processes are highly

suppressed in the SM.

(ii) The SM extensions with SU(2)q universality, where

the new contributions to Bd and Bs transition are sim-

ilar in size (relative to the SM), can accommodate the

data but are not the most preferred scenarios experi-

mentally. Universality is expected in a large class of well

motivated models with approximate SU(2)q invariance,

for instance when flavor transitions are mediated by the

third generation sector [20]. The case where the NP con-

tributions are SU(2)q universal (see Eq. (8) and Fig. 3)

is also quite generically obtained in the minimal flavor

violation (MFV) framework [21] where new diagonal CP

violating phases are present [22, 23]. In an effective the-

ory approach such a contribution may arise from the four-

quark operators O
bq
1 = b̄αLγµq

α
L b̄

β
Lγµq

β
L, O

bq
2 = b̄αRq

α
L b̄

β
Rq

β
L,

O
bq
3 = b̄αRq

β
L b̄

β
Rq

α
L, suppressed by scales ΛMFV;1,2,3, re-

spectively. We find that the data require

ΛMFV;1,2,3
>∼ {8.8, 13 yb, 6.8 yb}

�
0.2/hb TeV . (9)

If the central value of the measurement in Eq. (1) is con-

firmed, this inequality would become an equality. Note

that the dependence on the bottom Yukawa, yb, is not

shown for ΛMFV;1, since sizable CP violation in this case

requires resummation of large effective bottom Yukawa

coupling [23, 24]. In general the presence of flavor diago-

nal phases could contribute to the neutron electric dipole

moment [25]. However, this effect arises from a different
class of operators and requires a separate investigation.

Another interesting aspect of these flavor diagonal phases

is that there are examples where these can contribute to

the generation of matter-antimatter asymmetry, another

3

• SM (hd=hs=0) disfavored at <3σ in Bs mixing and <2σ in Bd mixing

• case hd=hs and σd=σs (e.g., minimal flavor violation models) strongly disfavored

Constraints on New Physics parameters (hd,σd) and (hs,σs): Ligeti, Papucci, Perez, Zupan (2010)
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Figure 8: Constraint on the complex parameter ∆d from the fit in scenario I. For
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For the combined fit the red area shows the region with CL < 68.3 % while the two
additional contour lines inscribe the regions with CL < 95.45 %, and CL < 99.73 %,
respectively.

for ∆ms. The constraint on New Physics in Bd-mixing relies thus on |Vub| on one hand
and γ on the other hand, the latter being currently dominated by the combination of the
sin 2φψK

d and α measurements which is independent of New Physics contributions in B-
mixing. The theory prediction for the oscillation frequency ∆md depends on the quantity
|∆d| ≡

√
(Re∆d)2 + (Im∆d)2. Without a good constraint on |∆d| from other observables

it can only be predicted with a very large uncertainty as observed in Table 9. The only
other observables that are sensitive to the modulus of ∆d are adSL and ASL but those are
measured with a precision that is significantly above the Standard Model prediction and
thus do no constrain very much the range of ∆md (even though they proved powerful in
eliminating the negative (ρ, η) solution) (the same statement holds for ∆ms).

Tables 11 and 12 show the fit results for various parameters and observables. We
also show the result of the fit for quantities that have been individually excluded from
the fit in order to quantify possible deviations between the individual input values and
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their fit predictions. The corresponding pull values are listed in Table 10. Among other
things it is interesting to note that the indirect fit prediction for the dimuonic asymmetry
ASL = (−42+20

−19)×10−4 is consistent at 1.2 standard deviations with the DØ/CDF average
(−85±28)×10−4 used here, and remains more precise in spite of the uncertainties on the
theoretical and New Physics parameters. Hence future improvements of this measurement
are expected to give crucial information on the underlying physics.

Another important output of our global analysis is the prediction of the difference
asSL − adSL, that will be measured by the LHCb experiment in a close future [34]. It
reads asSL − adSL = (−39+31

−24) × 10−4 (−93 × 10−4 < asSL − adSL < 36 × 10−4 at the 3 σ
level), to be compared to the Standard Model result asSL − adSL = (7.93+0.66

−2.14) × 10−4

(4.5× 10−4 < asSL − adSL < 9.9× 10−4 at 3 σ).
In contrast to the Standard Model fit, our Scenario I relates the Bd and Bs anoma-

lies through the correlated determination of the ∆ parameters. Hence it is particularly

Constraints on New Physics parameters Δd and Δs:

• SM (Δd=Δs=1) disfavored at 3.6σ (≈4.2σ after D0 update)

• no indication of New Physics in K-K mixing

• minimal flavor violation (Δd=Δs real) disfavored at 3.7σ (generalized MVF is still ok)

Lenz, Nierste + CKMfitter (2010)
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Much of this is driven by the anomalous like-sign dimuon 
asymmetry seen at D0, but there is also tension in the standard 
unitarity-triangle fit if the Tevatron results on CP violating in Bs 
mixing are left out:
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Figure 3: Constraint on the CKM (ρ̄, η̄) coordinates from the global Standard Model
CKM-fit. Regions outside the coloured areas have CL > 95.45 %. For the combined
fit the yellow area inscribed by the contour line represents points with CL < 95.45 %.
The shaded area inside this region represents points with CL < 68.3 %.

rameters. In Tables 8 and 9 we also show the result of the fit for observables that have
been individually excluded from the fit in order to quantify possible deviations between
the individual input values and their fit predictions. The good overall agreement of the
combined Standard Model fit mixes quantities that are in perfect agreement with their
fit prediction, with others that are individually at odds. Possible deviations between a
selection of measured observables and their Standard Model predictions are discussed in
more detail in the following.

One observes a sizeable discrepancy between the input value of B(B → τν) (see Ta-
ble 6) and its fit prediction (see Table 9) which is mainly driven by the measured value
of sin 2β, and was first discussed in Ref. [10]. Removing either B(B → τν) or sin 2β from
the list of inputs results in a χ2 change that corresponds to 2.9 standard deviations. This
discrepancy could arise either from a statistical fluctuation in the measured B(B → τν)
value, from too small (large) a value of fBd

(B̂Bd
), or from New Physics in the B → τν

and/or sin 2β measurements. There is a specific correlation between sin 2β and B(B → τν)
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Figure 4: Constraint in the (sin 2β, B(B → τν)) plane. The coloured constraint
represents the prediction for these quantities from the global fit when these inputs
are removed while the cross represents the measurements with a 1 σ uncertainty.

1.269+0.092
−0.090 is given in Fig. 5. For this test the deviation is 2.9σ, dominated first by the

experimental error on B(B → τν), α, γ and second by the theoretical uncertainty on
B̂Bd

. This tests clearly shows that the semileptonic extraction of |Vub| has little to do
with the B(B → τν) anomaly. Further insight is provided by Fig. 6 where the constraints

on the decay constant fBd
and fBd

√
B̂Bd

are shown. We compare the fit inputs fBd

and fBd

√
B̂Bd

taken from LQCD calculations with their predictions from the fit. The

measured B(B → τν) value leads to the constraint on fBd
represented by the green band.

The orange band represents the constraint on fBd

√
B̂Bd

thanks to the ∆md measurement.

The combined prediction for both quantities (red and yellow regions) reveals that the

predicted value for fBd

√
B̂Bd

is in very good agreement with the LQCD input. Therefore,
if the discrepancy is driven by too small a fBd

value, the lattice-QCD artefact responsible
for this underestimation should not affect the more complicated determination of the

∆B = 2 matrix element proportional to fBd

√
B̂Bd

, as already demonstrated in Fig. 5
in order to preserve the good agreement between the predicted and calculated values for

fBd

√
B̂Bd

.

Another potential anomaly related to |εK | has been widely discussed in the literature [8,
9], but does not show up with our choice of inputs and statistical treatment. More details
can be found in the Appendix. Other interesting outcomes of the Standard Model global

determined from global fit
without these inputs

data

Lenz, Nierste + CKMfitter (2010)
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FIG. 1: Unitarity triangle fit. In the top panel, the contour
and the fit predictions for sin(2β), fB and |Vub| are obtained
using Vcb, εK , γ, ∆MBd,s and B → τν. In the bottom panel,
the contour and the fit predictions for BR(B → τν), fB and
|Vub| are obtained using Vcb, εK , γ, ∆MBd,s and sin(2β).

This conclusion is corroborated by the observation that

even without using B → τν at all, and using as input only

�K , ∆MBs/∆MBd and |Vcb| (see Fig. 4), the predicted

value of sin(2β) deviates by 2.1σ from its measurement

(in this case we find sin(2β)fit = 0.829 ± 0.079). Thus,

possible new physics in B → τν can alleviate but not

remove completely the tension in the fit.

We recall that the fit above is actually the simple fit we

had reported some time ago (now with updated lattice

inputs) with its resulting ≈ 2 σ deviation [4]. This fit is

somewhat special as primarily one is only using ∆F = 2

box graphs from �K and ∆MBs/∆MBd in conjunction

with lattice inputs for BK and the SU(3) breaking ratio

ξ. The experimental input from box graphs is clearly

short-distance dominated and for the lattice these

two inputs are particularly simple to calculate as the

relevant 4-quark operators have no mixing with lower

dimensional operators and also require no momentum

injection. The prospects for further improvements in

these calculations are high and the method should

continue to provide an accurate and clean “prediction”

for sin(2β) in the SM. So even if the current tensions

get resolved, this type of fit should remain a viable way

to test the SM as lattice calculations and experimental

inputs continue to improve.

FIG. 2: Unitarity triangle fit without semileptonic decays (up-
per panel) and without use of K mixing (lower panel).

Roles of Vcb, εK , Vub and of hadronic uncertain-
ties. The fit described above does use Vcb where again

the inclusive and exclusive methods differ mildly (about

1.7σ). Of greater concern here is that �K scales as |Vcb|4
and therefore is very sensitive to the error on Vcb. We

address this in two ways. First in Fig. 2a we study a fit

wherein no semi-leptonic input from b → c or b → u is

being used. Instead, in this fit BR(B → τν) and ∆MBs

along with �K , ∆MBs/∆MBd and γ are used. Interest-

ingly this fit gives

sin(2β)fit = 0.891± 0.052 , (5)

ffit
B = (200.7± 8.6) MeV (6)

Thus, once again, sin(2β) is off by 2.8σ whereas fB is in

very good agreement with directly measured value which

we again take to mean that the bulk of the discrepancy

is in sin(2β) rather than in B → τν or in Vcb.

Next we investigate the role of �K . In Fig. 2b we

show a fit where only input from B-physics, namely

∆MBs/∆MBd , ∆MBs , γ, |Vcb| and BR(B → τν) are

used. This fit yields,

sin(2β)fit = 0.891± 0.054 , (7)

ffit
B = (195± 11) MeV (8)

Thus, sin(2β)fit is off by ≈ 2.4σ and again ffit
B is in good

agreement with its direct determination. We are, there-

fore, led to conclude that the role of �K in the discrepancy

3
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Roles of Vcb, εK , Vub and of hadronic uncertain-
ties. The fit described above does use Vcb where again

the inclusive and exclusive methods differ mildly (about

1.7σ). Of greater concern here is that �K scales as |Vcb|4
and therefore is very sensitive to the error on Vcb. We

address this in two ways. First in Fig. 2a we study a fit

wherein no semi-leptonic input from b → c or b → u is

being used. Instead, in this fit BR(B → τν) and ∆MBs

along with �K , ∆MBs/∆MBd and γ are used. Interest-

ingly this fit gives

sin(2β)fit = 0.891± 0.052 , (5)

ffit
B = (200.7± 8.6) MeV (6)

Thus, once again, sin(2β) is off by 2.8σ whereas fB is in

very good agreement with directly measured value which

we again take to mean that the bulk of the discrepancy

is in sin(2β) rather than in B → τν or in Vcb.

Next we investigate the role of �K . In Fig. 2b we

show a fit where only input from B-physics, namely

∆MBs/∆MBd , ∆MBs , γ, |Vcb| and BR(B → τν) are

used. This fit yields,

sin(2β)fit = 0.891± 0.054 , (7)

ffit
B = (195± 11) MeV (8)

Thus, sin(2β)fit is off by ≈ 2.4σ and again ffit
B is in good

agreement with its direct determination. We are, there-

fore, led to conclude that the role of �K in the discrepancy

• input: Vcb, εK, γ, ΔMd,s, B→τν
• output: sin2β, fB, |Vub|

➡ obtain excellent fit, hinting at New 
Physics in Bd mixing

• input: same as above, but without use 
of semileptonic decays (Vcb)

• input: same as above, but without use 
of K-K mixing

Unitarity-triangle fit with different inputs:

Lunghi, Soni (2010)
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*** lattice errors increased by 50%
+++ adding hadronic uncertainty δΔSΨK=0.021

4

FIG. 3: Unitarity triangle fit with Vub. See the caption in
Fig. 1.

is subdominant and that the bulk of the new physics con-
tribution is likely to be in B–physics. As before, the fact
that the fitted value of fB is in good agreement with
its direct determination seems to suggest that the input
BR(B → τν) is most likely not in any large conflict with
the SM, though, obviously we cannot rule out the pos-
sibility of it receiving a sub-dominant contribution from
new physics.

Although we believe that we have been very careful
in taking the input from lattice calculations and their
associated errors (see Table I), to gain further confidence
we study the effect of increasing the total error in each
of the input quantity by 50%, we find that qualitatively
little change takes place from Eq. (1):

sin(2β)fit = 0.854± 0.052 , (9)

f
fit
B = (202± 13) MeV (10)

again we find a 3.0 σ deviation in sin(2β) from the mea-
sured value and the fitted value of fB in very good agree-
ment with the direct lattice determination strongly sug-
gesting once again that the discrepancy with the CKM
is rather serious.

So far we have stayed away from using |Vub| because
of the large associated uncertainties with it. As another
rough consistency check, let us mention that with the in-
clusion of |Vub| (resulting from combining inclusive and
exclusive methods with an estimated error of about 15%
– see Table I), the results outlined above do not change
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FIG. 4: Summary of sin(2β) determinations. The entry
marked *** (ninth from the top) is obtained with lattice er-
rors increased by 50% over those given in Table I for each of
the input quantities that we use and the entry marked +++
(tenth from the top) corresponds to adding an hadronic un-
certainty δ∆SψK = 0.021 to the relation between sin(2β) and
SψK . See the text for further explanations.

qualitatively. The discrepancy between the fitted and
measured values of sin(2β) is mildly reduced to about
2.5σ (see Fig. 3a) while the fit result for fB is quite com-
patible with its direct lattice determination. In Fig. 3b
we investigate the alternate hypothesis of using S(ψKs)
as a SM input and find that even with the use of |Vub| the
results remain essentially unchanged: both BR(B → τν)
and fB deviate appreciably from their respective direct
determinations.

A compilation of all ten fits that we study for sin 2β
are shown in Fig. 4. Notice that there is only one case in
here (8th from the top) where the discrepancy in sin 2β
is only O(1σ). We believe this is primarily a reflection of
the large (≈ 14.4%) uncertainty with our combined Vub

fit originating from the large disparity between inclusive
and exclusive determinations; this is why we make only
a limited use of Vub in our fits.

Now with regard to B → τν, Fig. 5 shows a sum-
mary of predictions versus the measured BR. Notice that
whenever the measured value of sin(2β) is used as an in-
put, the predicted BR is ≈ 2.8σ from the measured one.
In the preceding discussion we have emphasized that this
seems to us to be a consequence of new physics largely in
B mixings. This conclusion receives further strong sup-

Inputs:

➡   consistent determination of sin2β much  
larger than direct measurement !

➡   direct measurement from mixing-
induced CP violation in tree-level decays

➡   direct measurement from mixing-
induced CP violation in penguin modes 
(interpreted as a hint for New Physics in 
penguin-induced FCNC processes)

Lunghi, Soni (2010)
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Three intriguing observations

• Several measurements of rare Bu,d and Bs decays 
suggest the existence of New Physics contributions in 
the decay amplitudes, not related to B-meson mixing:

‣ discrepancies in the determinations of Vub from 
inclusive semileptonic decays B→Xulν, exclusive 
semileptonic decays B→πlν, and leptonic decay 
B→τν (“Vub crisis”)

‣ large difference of (14.4±2.9)% in the direct CP 
asymmetries measured in B0→K+π- vs. B+→K+π0 
decays, which is in conflict with the prediction of 
(2.2±2.4)% from QCD factorization (“B→Kπ puzzle”)

‣ enhanced Bs→μ+μ- branching ratio observed by 
CDF (but not by LHCb and CMS ☹)



The “Vub crisis”
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FIG. 5: Summary of BR(B → τν) determinations.

port when we try determine the B → τν branching ratio

without using sin 2β; indeed as shown in Fig. 5 when

we use �K , ∆MBq , Vcb and γ only the fitted value of

BR(B → τν) is in very good agreement with the mea-

sured value.

In principle, of course the prediction for BR(B → τν)
only needs the values of fB and of Vub. Fixing now

fB = 208 ± 8 MeV as directly determined on the lat-

tice (see Table I) we show the corresponding two pre-

dictions for the BR using separately the values of Vub

determined in inclusive and exclusive decays. It is clear

that the inclusive determination yields results that are

within one σ of experiment (see also Fig. 1); however

with Vub from exclusive modes (that makes use of the

semileptonic form factor as determined on the lattice),

the BR deviates by ≈ 3σ from experiment. This may

be a hint that lattice based exclusive methods have some

intrinsic difficulty or that the exclusive modes are sen-

sitive to some new physics that the inclusive modes are

insensitive to, e.g. right-handed currents [35, 36]. In ei-

ther case, this reasoning suggests that we try using the

value of Vub given by inclusive methods only in our fit

for determining sin 2β. We then obtain results that are

very compatible with the no–Vub case: the fitted value

of sin(2β) deviates by 3.2σ from its direct determination

(see Fig 4).

Finally, we address the possible presence of sizable

hadronic uncertainties in the relation between sin(2β)
and SψK . Naive estimates of the impact that the CKM

suppressed u-penguin amplitude, which is causing the

“pollution”, has on S(B → J/ψK) point to a sub-

percent effect. Quantitative studies based on QCD–

factorization [37], perturbative QCD [38] and conserva-

tive model independent bounds on possible rescatter-

ing effects [39] corroborates [40] the above mentioned

naive expectations. An alternative approach based on

use of flavor SU(3) to connect B → J/ψK and B →
J/ψπ hadronic matrix elements has been proposed in

Refs. [41, 42]. This method is based on the observation

that, up to SU(3) corrections, the tree and penguin ma-

trix elements appearing in B → J/ψK and B → J/ψπ
decays are identical. Since the penguin topology in

B → J/ψπ is not CKM suppressed with the respect to

the corresponding tree amplitude, time–dependent CP

asymmetries in B → J/ψπ are highly sensitive to effects
that affect the J/ψK mode at the percent level. Un-

fortunately, data on B → J/ψπ CP asymmetries is not

precise enough to offer a measurement of the penguin to

tree ratio and phase and we do not reliably know how

large should be the SU(3) breaking. The upper limits

are presently more than an order of magnitude above

all the direct estimates. For these reasons we believe

that, presently, it is not useful to adopt B → J/ψπ de-

cays as a sole handle on the size of penguin pollution

in B → J/ψK. For completion we mention that even

adopting the estimate of Ref. [43] for penguin pollution

in the extraction of sin(2β), i.e. δ∆S = 0.021, Eq. (1)
deviates from the measurement at the 3.2σ level.

Summary, perspective & outlook. In this paper we

have mainly emphasized that our analysis strongly sug-

gests that the SM predicted value of sin(2β) is around

0.85 whereas the value measured experimentally via the

gold plated ψKs mode is around 0.66 constituting a de-

viation of about 3 σ from the SM (see Fig. 4). To put

this result in a broader perspective let us now recall that

in fact in the SM sin(2β) can also be measured via the

penguin dominated modes (see Fig. 4) [44–47]. Unfortu-

nately these modes suffer from a potentially large pen-

guin pollution, though there are good reasons to believe

that the η�Ks, φKs and 3 Ks modes are rather clean [48–

50] wherein the deviations from sin 2β are expected to be

only O(few %). The striking aspect of these three clean

modes as well as many others penguin dominated modes

(see Fig. 4) is that the central values of almost all of them

tends to be even smaller than the value (0.66), measured

in ψKs, and consequently tend to exhibit even a larger

deviation from the SM prediction of around 0.85. Thus,

seen in the light of our analysis, the deviation in these

penguin modes suggests the presence of new CP-violating

physics not just in B-mixing but also in b → s penguin

transitions.

Moreover, the large difference (≈ (14.4 ± 2.9)%) [51]

in the direct CP asymmetry measured in B0 → K+π−

versus that in B+ → K+π0 provides another hint that

b → s penguin transitions may be receiving the contri-

bution from a beyond the SM source of CP-violation.

To briefly recapitulate, in the SM one naively expects

For many years, there has been a persistent discrepancy between 
determinations of |Vub| from inclusive and exclusive semileptonic 
decays of B mesons (B→Xulν vs. B→πlν). HFAG quotes:

Measurement of the purely leptonic decay B→τν sharpen the 
discrepancy further:

|Vub|incl = (4.32± 0.16± 0.22) · 10−3

|Vub|excl = (3.51± 0.10± 0.46) · 10−3

(not most up-to-date values!)

Lunghi, Soni (2010)
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FIG. 1:
∣

∣V L
ub

∣

∣ as a function of Re
[

VR
ub/V

L
ub

]

extracted
from different processes. Blue(darkest): inclusive decays.
Red(gray): B → πlν. Yellow(lightest gray): B → τν.
Green(light gray): V L

ub determined from CKM unitarity.

is found by combining the usual SM interaction with
the extra contributions that are obtained by setting the
Higgs field in Eq. (2) to its vacuum expectation value. In
Eq. (3) V L

fi and V R
fi denote elements of the effective CKM

matrices, which are not necessarily unitary. V R
fi is related

to the Wilson coefficient in Eq. (1) via V R
fi = CRR

2
√
2GFΛ2

.

V L
fi receives contributions from the tree-level CKM ma-

trix and the LL analogue of QRR in Eq. (2).
Right-handed couplings to light quarks have been stud-

ied in Ref. [3] and to charm (up) quarks in Ref. [4]
(Ref. [5]). Ref. [9] examines such couplings in inclusive
b→c transitions. In Ref. [6] it was pointed out that very
strong constraints can be obtained on V R

tb from b → sγ,
because the usual helicity suppression factor of mb/MW

is absent in the right-handed contribution. By the same
argument V R

ts (or V R
td if one considers b → dγ) is tightly

constrained. Large effects concerning transitions between
the first two generations are unlikely, because V L

us and V L
cd

are larger than other off-diagonal CKM elements. Fur-
ther deviations from Minimal Flavour Violation (as de-
fined in [10]), i.e. deviations from Yukawa-driven flavour
transitions, are unlikely in the first two generations, but
plausible with respect to transitions involving the third
generation [11]. We therefore focus our attention on the
remaining two elements V R

ub and V R
cb .

A. Determination of V L
ub and V L

cb

The experimental determination of |Vub| and |Vcb| from
both inclusive and exclusive B decays is a mature field
by now [2]. E.g. the form factors needed for B → πlν
are known to 12% accuracy [12]. More recently, also the
leptonic decay B → τντ is studied in the context of Vub.
To discuss the impact of right-handed currents we denote
the CKM element extracted from data with SM formula
by Vqb, where q = u or q = c. If the matrix element of a
considered exclusive process is proportional to the vector
current, V L

qb and V R
qb enter with the same sign and the
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FIG. 2:
∣

∣V L
cb

∣

∣ as a function of Re
[

VR
cb/V

L
cb

]

extracted from dif-
ferent processes. Blue(darkest): inclusive decays. Red(gray):
B → D∗lν. Yellow(light gray): B → Dlν.

”true” value of V L
qb in the presence of V R

qb is given by:

V L
qb = Vqb − V R

qb (4)

For processes proportional to the axial-vector current V R
qb

enters with the opposite sign as V L
qb , so that

V L
qb = Vqb + V R

qb . (5)

In inclusive decays the interference term between the
left-handed and right-handed contributions is suppressed
by a factor of mq/mb, so that it is irrelevant in the case
of Vub and somewhat suppressed in the case of Vcb. The
remaining dependence on V R

qb is quadratic and therefore
negligible.
Starting with |Vub|, we note that the determinations

from inclusive and exclusive semileptonic decays agree
within their errors, but the agreement is not perfect
[2, 13]. The analysis of B → τν is affected by the uncer-
tainty in the decay constant fB. Within errors the three
determination of |Vub| are compatible, as one can read
off from Fig. 1. The picture looks very different once
the information from a global fit to the unitarity triangle
(UT) is included: As pointed out first by the CKMFitter
group, the measured value of B → τν suffers from a ten-
sion with the SM of 2.4–2.7σ [13]. First, the global UT fit
gives a much smaller error on |Vub| (as a consequence of
the well-measured UT angle β); the corresponding value
is also shown in Fig. 1. Second, the data on Bd−Bd mix-
ing exclude very large values for fB, which in turn cut out
the lower part of the yellow (light gray) region in Fig. 1.
Essentially we realize from Fig. 1 that we can remove this
tension while simultaneously bringing the determinations
of |Vub| from inclusive and exclusive semileptonic decays
into even better agreement. For this the right-handed
component must be around Re (V R

ub/V
L
ub) ≈ −0.15. Since

new physics may as well affect the other quantities enter-
ing the UT, a more quantitative statement requires the
consideration of a definite model.
Next we turn to |Vcb|: The relative uncertainties in

the exclusive decays B → D∗lν and B → Dlν and in the

|Vub| extracted from leptonic 
B→τν decay

|Vub| extracted from inclusive 
semileptonic B→Xulν decays

|Vub| extracted from exclusive 
semileptonic B→πlν decay

A very elegant solution is offered by the addition of a right-handed 
weak current with coupling VubR, which enters as |VubL+VubR|2 in 
B→πlν, |VubL-VubR|2 in B→τν, and |VubL|2+|VubR|2 in B→Xulν:

➡ a small admixture of approx. -15% of right-handed current (i.e. 
from gluino-squark loops in MSSM) brings all three measurements 
in agreement with each other!

|Vub| extracted 
from UT fit

-15% admixture of a 
right-handed current

Crivellin (2009);
see also: Buras, Gemmler (2011)



Rare decays Bd,s→μ+μ-

Excess in Bs mode reported by CDF:

✵  interesting rare decays, which can be much
     enhanced in models with a warped extra 
     dimension or SUSY models with large tanβ
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SM: (1.0± 0.1) · 10−10

SM: (3.2± 0.2) · 10−9

Unfortunately no excess seen at LHCb (CMS):

B(Bs → µ+µ−) = (1.8+1.1
−0.9) · 10−8

B(Bd → µ+µ−) < 6.0 · 10−9

B(Bd → µ+µ−) < 5.2 (4.6) · 10−9

B(Bs → µ+µ−) < 1.5 (1.9) · 10−8

(at 95% CL)

These bounds to not rule out the CDF result, but without refined 
LHC measurements the situation is inconclusive!



Theoretical predictions: Randall-Sundrum model

Figure 14: Prediction for B(Bd → µ+µ−) versus B(Bs → µ+µ−) (upper left), B(B →
Xdνν̄) versus B(B → Xsνν̄) (upper right), and B(B → Xsνν̄) versus B(Bs → µ+µ−)

(lower panel). All panels show results obtained in benchmark scenario S1. The black

crosses indicate the SM point, while the blue scatter points reproduce the measured

values of |�K |, the Z0bb̄ couplings, and Bd–B̄d mixing at 95%, 99%, and 95% CL. In the

upper left panel the current 95% CL upper limit on B(Bs → µ+µ−) from DØ and the

minimum branching fraction allowing for a 5σ discovery at LHCb are indicated by the

red band and dashed line, respectively. The orange dotted lines in the upper panels

represent the CMFV correlation between the two purely leptonic/semileptonic modes,

while the orange dotted curve in the lower panel indicates the model-independent

prediction obtained under the assumption that only left-handed operators contribute

to the branching fractions. See text for details.

This relation is indicated by the orange dotted curve in the lower panel of Figure 14. Deviation

from the behavior (59) measure the strength of the Z0bRs̄R relative to the Z0bLs̄L coupling.

49

Bauer, Casagrande, Haisch, MN (2009);
see also: Blanke et al. (2008)

CDF result (±1σ)

Figure 7: Predictions for φBs versus CBs (upper left), as well as ∆Γs/Γs (upper right)

and As
SL/(As

SL)SM (lower panel) versus Sψφ. The blue points reproduce the measured

values of |�K |, the Z0bb̄ couplings, and Bd–B̄d mixing at the 95%, 99%, and 95% CL.

The black crosses indicate the SM predictions and the yellow (orange) contours the

experimentally preferred regions of 68% (95%) probability. See text for details.

We now move onto the Bs system. Our results for φBs versus CBs , as well as ∆Γs/Γs and

Ad
SL/(As

SL)SM versus Sψφ obtained in the parameter scenario S1 are shown in Figure 7. In this

case we only include points in the plots that satisfy the constraints from |�K |, Z0 → bb̄, and

Bd–B̄d mixing. The SM predictions are indicated by black crosses, while the yellow (orange)

colored contours resemble the experimentally favored regions at 68% (95%) CL. Focusing

first on the predictions in the CBs–φBs plane, we see that shifts of up to ±0.4 in CBs and

large corrections in φBs are possible in the RS model. For comparison, we show the results

of a model-independent analysis of new-physics contributions to Bs–B̄s mixing employing

the parametrization (A4). We obtain two solution for φBs , reflecting the twofold ambiguity

34

Both rare modes Bd,s→μ+μ- can be significantly enhanced over their SM values:
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Figure 14: Prediction for B(Bd → µ+µ−) versus B(Bs → µ+µ−) (upper left), B(B →
Xdνν̄) versus B(B → Xsνν̄) (upper right), and B(B → Xsνν̄) versus B(Bs → µ+µ−)

(lower panel). All panels show results obtained in benchmark scenario S1. The black

crosses indicate the SM point, while the blue scatter points reproduce the measured

values of |�K |, the Z0bb̄ couplings, and Bd–B̄d mixing at 95%, 99%, and 95% CL. In the

upper left panel the current 95% CL upper limit on B(Bs → µ+µ−) from DØ and the

minimum branching fraction allowing for a 5σ discovery at LHCb are indicated by the

red band and dashed line, respectively. The orange dotted lines in the upper panels

represent the CMFV correlation between the two purely leptonic/semileptonic modes,

while the orange dotted curve in the lower panel indicates the model-independent

prediction obtained under the assumption that only left-handed operators contribute

to the branching fractions. See text for details.

This relation is indicated by the orange dotted curve in the lower panel of Figure 14. Deviation

from the behavior (59) measure the strength of the Z0bRs̄R relative to the Z0bLs̄L coupling.
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CDF result (±1σ)

Figure 7: Predictions for φBs versus CBs (upper left), as well as ∆Γs/Γs (upper right)

and As
SL/(As

SL)SM (lower panel) versus Sψφ. The blue points reproduce the measured

values of |�K |, the Z0bb̄ couplings, and Bd–B̄d mixing at the 95%, 99%, and 95% CL.

The black crosses indicate the SM predictions and the yellow (orange) contours the

experimentally preferred regions of 68% (95%) probability. See text for details.

We now move onto the Bs system. Our results for φBs versus CBs , as well as ∆Γs/Γs and

Ad
SL/(As

SL)SM versus Sψφ obtained in the parameter scenario S1 are shown in Figure 7. In this

case we only include points in the plots that satisfy the constraints from |�K |, Z0 → bb̄, and

Bd–B̄d mixing. The SM predictions are indicated by black crosses, while the yellow (orange)

colored contours resemble the experimentally favored regions at 68% (95%) CL. Focusing

first on the predictions in the CBs–φBs plane, we see that shifts of up to ±0.4 in CBs and

large corrections in φBs are possible in the RS model. For comparison, we show the results

of a model-independent analysis of new-physics contributions to Bs–B̄s mixing employing

the parametrization (A4). We obtain two solution for φBs , reflecting the twofold ambiguity

34

LHCb upper bound (95% CL)

• New results on Bs→μ+μ- begin cutting into the interesting parameter space

• Expected effects in Bs mixing are unlikely to reproduce the central values of the data

Both rare modes Bd,s→μ+μ- can be significantly enhanced over their SM values:



Theoretical predictions: BMSSM

Figure 15: Left: Correlation between Sψφ and BR(Bs → µ+µ−
). The solid green line

represents the current central value of the CDF result [34] on BR(Bs → µ+µ−
), while the

dashed lines correspond to the experimental 1σ range. The dotted line finally shows the

95% C.L. bound. Right: Correlation between Sψφ and SψKS . The green areas show the

fit results for Sψφ from [84] combined with the experimental measurement of SψKS at the

1, 2 and 3σ level. Red points are allowed by all constraints, gray points are excluded by

BR(Bs → µ+µ−
). In both plots the black point shows the central SM values. In the right

plot the vertical black lines indicates the 1σ uncertainty of the SM prediction of SψKS .

data on BR(Bs → µ+µ−
) gives an absolute limit on the Bs mixing phase of Sψφ � 0.412,

with the central value for BR(Bs → µ+µ−
) leading to Sψφ � 0.25. Furthermore, for any

given value of Sψφ, the model predicts a lower bound on BR(Bs → µ+µ−
). For Sψφ � 0.2

for example we obtain BR(Bs → µ+µ−
) � 1.5 · 10−8

. Such values will be probed in the

near future by LHCb [128].

The right plot shows the strong correlation between Sψφ and SψKS in the studied model.

Large positive effects in Sψφ always imply sizable negative effects in SψKS and vice versa,

as it is expected because of their origin from C̃2. The NP effects in the Bs mixing phase

soften the tension between the SM prediction and the value for Sψφ preferred by recent

fits [83, 84] and simultaneously the effects in SψKS can lead to a very good agreement with

its measurement.

We end this section by listing further predictions in the region of parameter space with

largest Bs mixing phase. As it is evident from Fig. 13, the mass of the lightest Higgs is

12
However, if we assume the absence of the additional operators arising at the 1/M2

level that can

stabilize the EW minimum, then the requirement of an absolute stable EW minimum implies Sψφ � 0.1.

42

Altmannshofer, Carena, Gori, de la Puente (2011)

• New upper bound on Bs→μ+μ- implies an interesting upper limit on the magnitude 
of the New Physics contributions to CP violation in Bd and Bs mixing

A generalized SUSY model with additional CP phases in the Higgs sector from 
higher-dimensional operators can give rise to interesting effects in the Bs system:



Forward-backward asymmetry in B→K*μ+μ-
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Simultaneous fit with K*0 and K*+

Introduction 

2 

•  Flavour changing neutral current decay 
(!loop), described by 3 angles (!l, ", !K) 
and di-µ invariant mass q2 

•  Sensitive to magnetic and vector and 
axial semi-leptonic penguin operators 

•  Many observables where hadronic 
uncertainties cancel 
•  Forward-backward asymmetry AFB of 

!l distribution (zero-crossing point) 

 

•  Pre-EPS measurements from Babar, 
Belle and CDF 
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AFB Measurement 

10 
Theory predictions from C.Bobeth et al., 
arXiv:1105.0376v2  

see also:
Bobeth @ EPS11;
Descotes-Genon @ EPS11

A lesson how quickly tentative hints can disappear with improved measurements 
(in a closely related rare decay mode): 

B-factory data prior to 
EPS11 hinted at a positive 
asymmetry for all q2

CDF update for EPS11 is 
already closer to the SM ...

... and new LHCb data provide 
a textbook confirmation of the 
SM prediction!



Outlook



Flavor as a portal beyond the Standard Model

The first collisions at the LHC mark the beginning of a fantastic 
era for particle physics, which holds promise of ground-breaking 
discoveries 

ATLAS and CMS discoveries alone are unlikely to provide a 
complete understanding of the observed phenomena

Flavor physics (more generally, low-energy precision physics) 
will play a key role in unravelling what lies beyond the Standard 
Model, providing access to energy scales and couplings 
unaccessible at the energy frontier

Existing hints about New Physics flavor signature suggest that 
only the synergy of LHC and high-precision experiments will give 
us the key to solving the puzzles of the Terascale


