
Why flavor matters at the LHC 
Recent developments and prospects in flavor physics

Jernej F. Kamenik

07/01/2012, Heidelberg



Introduction

SM phenomenologically very successful theory

Strong theoretical arguments to consider it as effective 
theory

“Flavor physics”
one of arguments to 

consider SM not complete 
key tool to investigate NP 

beyond SM
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flavor content of model
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Beside direct searches for new d.o.f’s at high energy colliders, 
main task is to understand/constrain size of additional terms in 
series

Higgs & Flavor physics

Indirect searches of NP crucial - require high precision

Given good agreement with SM predictions 
- NP may exhibit considerable mass gap



The SM and NP flavor puzzles

The quark Yukawa sector of SM is very particular
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“SM flavor puzzle”
hierarchical aligned



The SM and NP flavor puzzles

Yu, Yd  only source of global flavor symmetry breaking:

 10 physical parameters: 
 6 quark masses
 3 CKM mixing angles 
 1 CP odd phase

 Determine all flavor phenomena in quark sector!

GF = SU(3)Q ⇥ SU(3)U ⇥ SU(3)D



The SM and NP flavor puzzles

Yu, Yd  only source of global flavor symmetry breaking:

 10 physical parameters: 
 6 quark masses
 3 CKM mixing angles 
 1 CP odd phase

 Determine all flavor phenomena in quark sector!

GF = SU(3)Q ⇥ SU(3)U ⇥ SU(3)D

Generally excellent consistency! 
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Severe constraints on NP sources of flavor

The SM and NP flavor puzzles
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FIG. 1: Allowed region in the ρ, η plane. Superimposed are the individual constraints from charmless

semileptonic B decays (|Vub/Vcb|), mass differences in the B0 (∆md) and Bs (∆ms) neutral meson systems,

and CP violation in K → ππ (εK), B → ψK (sin 2β), B → ππ, ρπ, ρρ (α), and B → DK (γ). Taken from

[6].

follow this approach in Sect. V and VI in two well-motivated SM extensions. In this and the next

section we follow the second strategy, which is less predictive but also more general.

Assuming the new degrees to be heavier than SM fields, we can integrate them out and describe

NP effects by means of a generalization of the Fermi Theory. The SM Lagrangian becomes the

renormalizable part of a more general local Lagrangian which includes an infinite tower of operators

with dimension d > 4, constructed in terms of SM fields, suppressed by inverse powers of an effective

scale Λ > MW :

Leff = LSM +
∑ c(d)i

Λ(d−4)
O(d)

i (SM fields). (3.1)

This general bottom-up approach allows us to analyse all realistic extensions of the SM in terms of a

limited number of parameters (the coefficients of the higher-dimensional operators). The drawback

of this method is the impossibility to establish correlations of NP effects at low and high energies:

the scale Λ defines the cut-off of the effective theory. However, correlations among different low-

6

(�F = 2)

Operator Bounds on Λ in TeV (cij = 1) Bounds on cij (Λ = 1 TeV) Observables

Re Im Re Im

(s̄LγµdL)2 9.8× 102 1.6× 104 9.0× 10−7 3.4× 10−9 ∆mK ; εK

(s̄R dL)(s̄LdR) 1.8× 104 3.2× 105 6.9× 10−9 2.6× 10−11 ∆mK ; εK

(c̄LγµuL)2 1.2× 103 2.9× 103 5.6× 10−7 1.0× 10−7 ∆mD; |q/p|,φD
(c̄R uL)(c̄LuR) 6.2× 103 1.5× 104 5.7× 10−8 1.1× 10−8 ∆mD; |q/p|,φD

(b̄LγµdL)2 5.1× 102 9.3× 102 3.3× 10−6 1.0× 10−6 ∆mBd
; SψKS

(b̄R dL)(b̄LdR) 1.9× 103 3.6× 103 5.6× 10−7 1.7× 10−7 ∆mBd
; SψKS

(b̄LγµsL)2 1.1× 102 7.6× 10−5 ∆mBs

(b̄R sL)(b̄LsR) 3.7× 102 1.3× 10−5 ∆mBs

TABLE I: Bounds on representative dimension-six ∆F = 2 operators. Bounds on Λ are quoted assuming an

effective coupling 1/Λ2, or, alternatively, the bounds on the respective cij ’s assuming Λ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from ∆mBs
(see text). For the definition of the CPV

observables in the D system see Ref. [15].

central value for the CP-violating phase, contrary to the SM expectation. The errors are, however,

still large and the disagreement with the SM is at about the 2σ level. If the disagreement persists,

becoming statistically significant, this would not only signal the presence of physics beyond the

SM, but would also rule out a whole subclass of MFV models (see Sect. IV).

(iv) In D − D̄ mixing we cannot estimate the SM contribution from first principles; however,

to a good accuracy this is CP conserving. As a result, strong bounds on possible non-standard

CP-violating contributions can still be set. The resulting constraints are only second to those from

εK , and unlike in the case of εK are controlled by experimental statistics and could possibly be

significantly improved in the near future.

A more detailed list of the bounds derived from ∆F = 2 observables is shown in Table I,

where we quote the bounds for two representative sets of dimension-six operators: the left-left

operators (present also in the SM) and operators with a different chirality, which arise in specific

SM extensions. The bounds on the latter are stronger, especially in the kaon case, because of the

larger hadronic matrix elements. The constraints related to CPV correspond to maximal phases,

and are subject to the requirement that the NP contributions are smaller than 30% (60%) of the

total contributions [9] in the Bd (K) system. Since the experimental status of CP violation in the

Bs system is not yet settled we simply require that the new physics contributions are smaller than

9

“NP flavor puzzle”

Isidori, Nir & Perez, 1002.0900



 Severe constraints on NP sources of flavor

 NP at TeV scale has to be approximately flavor “aligned” with SM breaking

 maximal alignment - Minimal Flavor Violation (Yu, Yd remain only sources)

 even in MFV, bounds on NP scale O (few TeV)!

The SM and NP flavor puzzles
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FIG. 1: Allowed region in the ρ, η plane. Superimposed are the individual constraints from charmless

semileptonic B decays (|Vub/Vcb|), mass differences in the B0 (∆md) and Bs (∆ms) neutral meson systems,

and CP violation in K → ππ (εK), B → ψK (sin 2β), B → ππ, ρπ, ρρ (α), and B → DK (γ). Taken from

[6].

follow this approach in Sect. V and VI in two well-motivated SM extensions. In this and the next

section we follow the second strategy, which is less predictive but also more general.

Assuming the new degrees to be heavier than SM fields, we can integrate them out and describe

NP effects by means of a generalization of the Fermi Theory. The SM Lagrangian becomes the

renormalizable part of a more general local Lagrangian which includes an infinite tower of operators

with dimension d > 4, constructed in terms of SM fields, suppressed by inverse powers of an effective

scale Λ > MW :

Leff = LSM +
∑ c(d)i

Λ(d−4)
O(d)

i (SM fields). (3.1)

This general bottom-up approach allows us to analyse all realistic extensions of the SM in terms of a

limited number of parameters (the coefficients of the higher-dimensional operators). The drawback

of this method is the impossibility to establish correlations of NP effects at low and high energies:

the scale Λ defines the cut-off of the effective theory. However, correlations among different low-

6

JNP
µ = XijQ̄

i�µQ
j , Xij = a01+ a1Y

u†Y u + a2Y
d†Y d + . . .

“NP flavor puzzle”

d’Ambrosio et al., hep-ph/0207036

Hurth, Isidori, J.F.K. & Mescia, 0807.5039
UTFit, 0707.0636

http://arXiv.org/abs/hep-ph/0207036
http://arXiv.org/abs/hep-ph/0207036


Bs,d → μ+μ- status and prospects



Bs,d → μ+μ- status and prospects

 These modes are unique source of information about flavor physics beyond SM: 

• theoretically very clean (virtually no long-distance contributions)

• particularly sensitive to FCNC scalar currents and FCNC Z penguins

Bs,d → μμ

These modes are a unique source of information about flavor physics beyond the SM:

theoretically very clean (virtually no long-distance contributions)

particularly sensitive to FCNC scalar currents and FCNC Z penguins
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gauge-less limit

Clean probe of the Yukawa interaction 
(→ Higgs sector) beyond the tree level

Leading SM 
diagrams

(unitary gauge): 

good approx. to the 
full SM amplitude

G. Isidori –  Flavor Physics Theory       HCP 2012, Kyoto Nov. 2012

(gaugeless limit - good approx. to full SM amplitude)

Clean probe of the Yukawa interaction 
(→ Higgs sector) beyond tree level



Bs → μ+μ- recent developments

Updated SM prediction taking into account leading NLO EW (+ full NLO QCD)

section, that the same choice that works for K ! ⇡⌫⌫̄ will plausibly work for Bs ! µ+µ�

as well. A complete analysis of NLO electroweak corrections for the latter decay is the
only way to confirm our conjecture.

2.4 Final result

Using the prescription given above we now calculate B(0)
s,SM, with the plausible expectation

(in the sense discussed above) that scheme dependence is kept to a minimum. As antic-

ipated, in this case the dominant source of uncertainty in B(0)
s,SM is of parametric nature.

Treating all errors as Gaussian, we obtain the final result

B(0)
s,SM = (3.23± 0.27)⇥ 10�9, (17)

which is closest to our large-mt result in the (0,0) scheme. We choose eq. (17) as our
reference value for the non-radiative branching ratio.
For future reference, we illustrate the impact of the various inputs via the following

parametric expression:

B(0)
s,SM = 3.2348⇥ 10�9 ⇥

✓
Mt

173.2 GeV

◆3.07✓ fBs

227 MeV

◆2✓ ⌧Bs

1.466 ps

◆ ����
V ⇤
tbVts

4.05⇥ 10�2

����
2

=
�
3.23± 0.15± 0.23fBs

�
⇥ 10�9 . (18)

In the second line of eq. (18) we have explicitly separated the contribution to the error
due to fBs , which is the most relevant source of uncertainty and deserves a dedicated
discussion.
As pointed out in Ref. [34], in principle one can get rid of the quadratic fBs dependence in

B(Bs ! µ+µ�) by normalizing this observable to �mBs , thereby taking advantage of the
relatively precise lattice results on the bag parameter of the B̄s�Bs mixing amplitude, that
enters the latter linearly. Moreover, this procedure removes also the dependence on the
CKM parameters. Indeed, in 2003 this proposal reduced the uncertainty in B(Bs ! µ+µ�)
by a factor of three. However, given the recent progress in the direct determination of fBs

from the lattice [28, 35–41] and in the determination of CKM parameters this strategy is
no longer necessary although it gives presently a very similar result [42].
As far as the direct lattice determination of fBs is concerned, an impressive progress has

been made in the last years [28,35–41]. These results are summarized in [28] and included
in the world average fBs = (227.6±5.0) MeV [43]. Using this result at face value we would

get a total error on B(0)
s,SM of ±0.2⇥ 10�9 in eq. (17). However, given that this average is

largely dominated by a single determination [36], and given that all the other unquenched
estimates of fBs have errors of about ±10 GeV, we believe that a ±8 MeV error on fBs –
that we deduce from the spread of the central values – is a more conservative estimate of
the present uncertainty.

3 Soft-photon corrections and the experimental branching ratio

3.1 Soft-photon corrections

As anticipated in the introduction, switching on electromagnetic interactions the Bs !
µ+µ� transition is unavoidably accompanied by real photon emission. On general grounds
we can distinguish two types of radiation: bremsstrahlung and direct emission. The former
is largely dominant for su�ciently small photon energies, can be summed to all orders in
the soft-photon approximation, and leads to a multiplicative correction factor with respect

8

~3% theory error. systematic continuos 
improvement of fBs on Lattice 

(currently ~4%)
+ Correction factors in relating theory to experimentally accessible rate 

- Photon-energy cut → ~ -10% (already included in exp. eff.) 
- ΔΓs ≠ 0                  → ~ +10% (not yet included in exp. results)

Bs,SM = (3.54± 0.3)⇥ 10�9 B(exp)

s = (3.2+1.5
�1.2)⇥ 10�9

At this stage there is perfect compatibility...

Buras et al., 1208.0934

LHCb,1211.2674 



Bs → μ+μ- recent developments

...and good agreement with SM has important implications:

Example: Constraints on the structure of the A-terms in SUSY models

Leading contribution to 

the SM amplitude

tR 
  Ytb

*

Z

〈ϕ〉 

Yts

W  b                                    s 
 

〈ϕ〉 

tR 
  A

33
*

Z

〈ϕ〉 

A
32

W  b                                    s 
 

〈ϕ〉 

~

~

Possible O( ± 30%) corrections 

to the BR for m
stop 

< 0.5 TeV~

E.g.II: Constraints on the structure of the A-terms in more general SUSY models 

    (“Disoriented A-terms” framework → Z-mediated FCNCs)

...and the good agreement with SM has important implications: 

G. Isidori –  Flavor Physics Theory       HCP 2012, Kyoto Nov. 2012

Leading contrib. in SM Possible O( ± 30%) corrections to Br
for mtR < 0.5 TeV

LR mixing term still largely unknown
(mh ~125 GeV → large A33)

Measurement with σ(Br) ~ 30% provides first relevant constraint on such 
couplings below stability bounds ( |A33 A32| < 3 mtL2 ) for mtL<1 TeV



Puzzling CP violation in charm decays



Puzzling CP violation in charm decays

Year ago LHCb reported first evidence of CP violation in 
charm system, evidence soon after confirmed by CDF & Belle

(~4.3σ from 0)�aWorld

CP = �(0.68± 0.15)%

af ⌘ �(D0 ! f)� �(D̄0 ! f)

�(D0 ! f) + �(D̄0 ! f)
.

�aCP ⌘ aK+K� � a⇡+⇡�

Unambiguous evidence for direct CPV

Thanks to Marco Gersabeck from HFAG 

 HFAG March 2012 
 without the latest BaBar AΓ 

No CPV hypothesis : 6.15x10-5 

∆aCP(dir)=(-0.656±0.154)% 
  aCP(ind)=(-0.025±0.231)% 

HFAG ICHEP 2012 
with Belle preliminary, 
No CPV hypothesis : 1.98x10-5 

∆aCP(dir)=(-0.678±0.147)% 
  aCP(ind)=(-0.027±0.163)% 

15 

Totally unexpected: before LHCb result
DCPV in charm above 0.1% often 
quoted as “clear signal of NP”...



Puzzling CP violation in charm decays

Observed ΔaCP is large compared to “natural” SM expectation

�aCP ⇡ (0.13%)Im(�RSM) , �RSM ⌘ RSM
K +RSM

⇡

CKM 
suppression
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✓
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matrix element ratio:
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”connected”
naturally expected <1
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The observed Δa
CP

 is large compared to its “natural” SM expectation, but is not 

large enough, compared to SM uncertainties, to be considered a clear signal of NP:

H(d)

H(s)

D

CKM 

suppression:

matrix-element ratio:

“penguin” (disconnected)

“tree” (connected)

     naturally expected < 1

Δa
CP 

≈ (0.13%) Im(ΔR
SM

)

ΔR>1 is not what we expect for m
c 
>> Λ

QCD
, but is 

not impossible treating the charm as a light quark: 

possible connection with the ΔI=1/2 rule in Kaons

Post-measurement considerations:

Golden, Grinstein '89 Brod et al. '11, '12

Feldmann et al. '12

G. Isidori –  Flavor Physics Theory       HCP 2012, Kyoto Nov. 2012

c.f. Grossman et al., hep-ph/0609178



Puzzling CP violation in charm decays

Observed ΔaCP is large compared to “natural” SM expectation

CKM 
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QCD
, but is 

not impossible treating the charm as a light quark: 

possible connection with the ΔI=1/2 rule in Kaons

Post-measurement considerations:

Golden, Grinstein '89 Brod et al. '11, '12

Feldmann et al. '12
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O(4-6) values of |ΔRSM| needed



Puzzling CP violation in charm decays

Observed ΔaCP is large compared to “natural” SM expectation

CKM 
suppression

arg

✓
V ⇤
csVus

V ⇤
cdVud

◆
= O(�4)

matrix element ratio:
“disconnected”

”connected”
naturally expected <1

ΔRSM > 1 is not what we expect for mc >> ΛQCD, but is 
not impossible treating charm quark as light: 
possible connection with the ΔI=1/2 rule in Kaons

�aCP ⇡ (0.13%)Im(�RSM) , �RSM ⌘ RSM
K +RSM

⇡

Brod, Kagan & Zupan 1111.5000 
Brod, Grossman, Kagan & Zupan 1203.6659

Golden & Grinstein Phys. Lett. B 222 (1989)

c.f. Grossman et al., hep-ph/0609178



Puzzling CP violation in charm decays

Observed ΔaCP is large compared to “natural” SM expectation

...but not large enough, compared to SM uncertainties, to be 
considered clear signal of NP

Assuming SM does not saturate exp. value parametrize NP 
contributions normalized to effective SM scale

�aCP ⇡ (0.13%)Im(�RSM) + 9
X

i

Im(CNP
i ) Im(�RNP

i )

• for                           : Im(CNP
i ) =

v2

⇤2Im(CNDA)
(10 TeV)2

⇤2
NDA

=
(0.61± 0.17)� 0.12 Im(�RSM)

Im(�RNP)
.

Are such contributions allowed by other 
flavor constraints?



In EFT can be estimated via “weak mixing” of operators

Important constraints on most operators from D-D mixing                                     
and direct CPV in K0→π+π- (ε’/ε)

_

c u

q q

⇒

W

QiT

n

He↵�NP
|�c|=1 (0),HSM(x)

o

Isidori, J.F.K, Ligeti & Perez 
1111.4987

Puzzling CP violation in charm decays

Giudice, Isidori & Paradisi,1201.6204
Keren-Zur et al., 1205.5803

Delaunay, J.F.K., Perez & Randall, 1207.0474

CPV chromo-magnetic operators only weakly 
constrained by EDMs

• Strict bounds from D meson mixing naturally 
satisfied 

• Easily generated in various well-motivated models 
(SUSY, warped extra-dim.,....)

Gedalia, J.F.K, Ligeti & Perez 
1202.5038



Puzzling CP violation in charm decays

Key question: how to distinguish NP vs. SM explanations?
NP explanation via chromo-magnetic operators: 

Unavoidable large CPV also in the electric-dipole operators
(model-independent connection via QCD)

CPV in radiative D decays (D→(P+P-)V γ; also D→(P+P-)V l+l-)

CPV asymmetries above 3% would be a clear sign of NP in dipole operators

Neutron EDM and LFV in charged leptons are 
also expected to be close to present bounds, 
but connection is more model-dependent

Isidori & J.F.K., 1205.3164
Lyon & Zwicky, 1210.6546

Fajfer & Kosnik, 1208.0759



CP violation in Bs mixing?



CP violation in Bs mixing?

Given good consistency of global CKM fits, CPV in Bs 
mixing predicted precisely in SMAnother unitarity triangle

s`
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_ _

dm6
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`sin 2
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excluded at CL > 0.95
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Winter 12

CKM
f i t t e r

⇢̄Bs + i ⌘̄Bs = arg

⇣
�VubV⇤

us
VcbV⇤

cs

⌘

SM mechanism for
CP-violation encoded
in CKM matrix
describes efficiently Bd
and Bs systems ?

Not exactly:
sin(2�) vs B ! ⌧⌫

ASL

(�s,��s) (?)
discrepancies which
could be related to
meson mixing

S. Descotes-Genon (LPT-Orsay) CPV, SM and NP 11/06/12 9

So far, no signs of deviations 
from the SM...

Given this situation, it is particularly interesting to see what happens in the b→s 
ΔF=2 amplitude (CPV in Bs mixing), where the SM prediction is more precise.

So far, no signs of deviations from the SM...

Bs                         ψ φ(f0)
  

                
B

s  

_

Sψφ   = -sin(ϕs ) 

  = 0.041 ± 0.01  

SM

G. Isidori –  Flavor Physics Theory       HCP 2012, Kyoto Nov. 2012

⇢̄Bs + i⌘̄Bs = �(VubV
⇤
us)/(VcbV

⇤
cs)



CP violation in Bs mixing?

...except persistent Asl anomaly

dimuon charge asymmetry by D0

If due to CPV in Bs,d mixing 

SM prediction:

asymmetries as:

aS =
P

q=b,c,SLM[(P+
q + P̄+

q )� (P�
q + P̄�

q )]
P

q=b,c,SLM [(P+
q + P̄+

q ) + (P�
q + P̄�

q )]
, (7)

and

AS =
P

q=b,c,SLM[(P+
q · P̄+

q )� (P�
q · P̄�

q )]
P

q=b,c,SLM [(P+
q · P̄+

q ) + (P�
q · P̄�

q )]
. (8)

Let us finally mention that another observable is introduced in Ref. [3] by considering A0
S restricted

to a sample of dimuons with a large enough muon impact parameter. We refrain from studying
in detail this observable because of our lack of knowledge concerning the experimental inputs and
correlations required, but we highlight that it could be analyzed along the same lines as what we
present here for A0

S .

3 The role of the semileptonic CP asymmetries

In the absence of CP violation in semileptonic b and c quark decays, aS and AS can be directly
expressed in terms of Ab

sl, a linear combination of the wrong-sign semileptonic flavor specific asym-
metries of the Bd,s mesons measuring CP -violation in their respective mixings 2:

Ab
sl = fda

d
sl + fsa

s
sl , aq

sl =
�(B̄q ! µ+X)� �(Bq ! µ�X)
�(B̄q ! µ+X) + �(Bq ! µ�X)

, (9)

with fd and fs the fractions of Bd and Bs mesons contributing to the asymmetry, which depend on
the experimental setting. The values used by the DØ collaboration are either taken from averages
at Tevatron [2], or at LEP [3].

In the presence of CP violation in inclusive semileptonic b or c decays, one must define two
additional asymmetries Ab

dir and Ac
dir:

Ab
dir =

�(b! µ�X)� �(b̄! µ+X)
�(b! µ�X) + �(b̄! µ+X)

, Ac
dir =

�(c̄! µ�X)� �(c! µ+X)
�(c̄! µ�X) + �(c! µ+X)

. (10)

Then the most general expressions for the probabilities P±q , P̄±q read

P+
b / w1b(1 + Ab

sl �Ab
dir) + w2a(1�Ac

dir) + (w3 + w5)(1�Ac
dir)/2 + w4a/2 , (11a)

P�
b / w1a(1 + Ab

dir) + w2b(1 + Ab
sl + Ac

dir) + (w3 + w5)(1 + Ac
dir)/2 + w4a/2 , (11b)

P̄+
b / w1a(1�Ab

dir) + w2b(1�Ab
sl �Ac

dir) + (w3 + w5)(1�Ac
dir)/2 + w4a/2 , (11c)

P̄�
b / w1b(1�Ab

sl + Ab
dir) + w2a(1 + Ac

dir) + (w3 + w5)(1 + Ac
dir)/2 + w4a/2 , (11d)

P+
c / w6(1�Ac

dir) + w4b/2 , (11e)
P̄�

c / w6(1 + Ac
dir) + w4b/2 . (11f)

Furthermore, since semileptonic charm decay contributions to wrong-sign muons P�
c and P̄+

c are
suppressed by the small D0 mixing probability, we have simply

P�
c = P̄+

c / w4b/2 , (12)

whereas the short-lived meson decays provide

P±SLM = P̄±SLM / w4c/2 . (13)
2
As mentioned in the Introduction, possible contributions due to CP violation in D0

mixing are extremely suppressed

by the small mixing probability of D0
mesons as measured experimentally.
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We reconsider the recent observation by the DØ experiment of a sizable like-sign dimuon charge
asymmetry, highlighting that it could be a↵ected by CP-violating New Physics contributions not only
in Bd- and Bs-meson mixings, but also in semileptonic decays of b and c quarks producing muons.
The DØ measurement could be reconciled with the Standard Model expectations for neutral-meson
mixings, provided that the CP asymmetry in semileptonic b (c) decays reaches 0.3 % (1%). Such
e↵ects, which lie within the available (rather loose) experimental bounds, would be clear indications
of New Physics and should be investigated experimentally.

1 Introduction

The recent observation by the DØ experiment of a sizable like-sign dimuon charge asymmetry [1–3]
has attracted tremendous theoretical interest. If interpreted as originating from mixing-induced CP
violation in semileptonic b quark decays, the observed value of Ref. [3]

Ab
sl = (�0.787 ± 0.172 ± 0.093)% , (1)

is significantly larger than expected within the standard model (SM) Ab
sl

SM = (�3.96+0.15
�0.04) · 10�4 [4]

(see also Refs. [5]). On the other hand, recent measurements of CP violation in wrong sign semilep-
tonic Bs decays from the LHCb and DØ collaborations [6, 7]

as
sl = (�1.08 ± 0.72 ± 0.17)% [DØ] , as

sl = (�0.24 ± 0.54 ± 0.33)% [LHCb] , (2)

are in agreement with SM expectations. Furthermore, recent precise determinations of the CP asym-
metry in the Bs ! J/ � decay [8], which are consistent with SM predictions, already severely
constrain a possible interpretation of the value in Eq. (1) in terms of non-standard CP-violating con-
tributions to Bs mixing [4]. While the large observed Ab

sl could still originate from new CP-violating
e↵ects in Bd mixing, this would nonetheless require sizable correlated non-standard contributions
also to the absorptive mixing amplitude [4] (see also Ref. [9]).

In view of this intriguing situation, it is important to revisit theoretical assumptions underlying
the interpretation of the DØ measurement. Since the DØ result indicates a significant discrepancy
with the SM concerning a tiny CP asymmetry, one should reconsider other possible New Physics
(NP) sources which could contribute the observed CP violation, but are generally assumed to be
negligible within the SM. Indeed one can imagine other sources of CP violation contributing to
the dimuon charge asymmetry. Given the sizable charm contributions in both the inclusive muon
and same-sign dimuon data samples, an attractive possibility is represented by CP violation in D0

mixing. However, the D0 oscillation probability has been measured and its smallness renders any
such contribution negligible.

On the other hand the DØ analysis also assumes that the semileptonic b and c quark decays
conserve CP. In this letter we explore the consequences of relaxing this assumption. Direct CP
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violation in semileptonic decays of b or c quarks is presently only poorly constrained experimentally.
The related inclusive semileptonic CP asymmetries are expected to be tiny in the SM and so o↵er
interesting venues for contributions of NP. This motivates us to investigate whether the observed
dimuon asymmetry in Eq. (1) could originate from CP violation in semileptonic b and c quark
decays.

Previously, a study of the potential impact of CP-violation in semileptonic b decays has been
performed in ref. [10], finding that the impact on Ab

sl was very small in the SM, as well as in a large
class of NP models where the main e↵ect comes from the interference between SM tree and NP loop
contributions (leading to a generic bound of a few 10�6). We consider the problem from a di↵erent
angle, by studying the main ingredients and assumptions behind the DØ analysis carefully, including
also possible CP -violating contributions from semileptonic c decays. We furthermore re-estimate
the size of possible SM e↵ects as well as presently experimentally allowed NP contributions to CP
asymmetries in semileptonic b and c decays.

The rest of the paper is structured as follows: in Sec. 2 we recall the basic elements of the DØ
analysis needed for the extraction of the CP asymmetries from their inclusive muon and same-sign
dimuon data samples. Sec. 3 is devoted to the derivation of the relevant observables in presence of
CP violation in semileptonic b and c quark decays and the reinterpretation of the DØ measurement
in terms of the related CP asymmetries. In Sec. 4 we discuss other existing bounds on CP violation
in these decays, and we give their expectations within the SM in Sec. 5. Finally, we conclude in
Sec. 6.

2 Elements of the experimental analysis

We recall the basic ingredients in the determination of Ab
sl from the measurement of the dimuon

charge asymmetry according to Ref. [2] and applicable to the most recent update [3] (we will use the
values quoted in the latter reference for our numerical analysis). Experimentally, both the like-sign
dimuon charge asymmetry A and the inclusive muon charge asymmetry a are measured by counting

A =
N++ �N��

N++ + N�� , a =
n+ � n�

n+ + n�
, (3)

where N++,�� (n+,�) denote the number of events with two muons (one muon) with a given charge
passing the kinematic selections.

There are various detector and material-related processes contributing to these asymmetries. The
reconstructed muons are classified into two categories: “short” (or S) including muons from weak
decays of b, c, ⌧ and from electromagnetic decays of short-lived mesons (�, !, ⌘, ⇢0), and “long” (or
L) coming from decays of charged kaons and pions as well as from particle misidentification. One
can separate the contribution from short muons aS to the inclusive muon charge asymmetry

a = fS(aS + �) + fKaK + f⇡a⇡ + fpap , (4)

where � is the charged asymmetry related to muon detection and identification, and for the back-
ground L processes, fK (f⇡, fp) the fraction of muons from charged kaon decays (charged pion
decays, misidentifications), and aK (a⇡, ap) the corresponding charge asymmetry. These quantities
are directly measured from experiment.

One has also a similar expression for the dimuon charge asymmetry

A = FSSAS + (Fbkg � 2FLL)aS + (2� Fbkg)� + FKAK + F⇡A⇡ + FpAp , (5)

where � is the detection asymmetry, FK,⇡,p and AK,⇡,p are the fractions and asymmetries related to
the various background L processes.

2

asymmetries as:

aS =
P

q=b,c,SLM[(P+
q + P̄+

q )� (P�
q + P̄�

q )]
P

q=b,c,SLM [(P+
q + P̄+

q ) + (P�
q + P̄�

q )]
, (7)

and

AS =
P

q=b,c,SLM[(P+
q · P̄+

q )� (P�
q · P̄�

q )]
P

q=b,c,SLM [(P+
q · P̄+

q ) + (P�
q · P̄�

q )]
. (8)

Let us finally mention that another observable is introduced in Ref. [3] by considering A0
S restricted

to a sample of dimuons with a large enough muon impact parameter. We refrain from studying
in detail this observable because of our lack of knowledge concerning the experimental inputs and
correlations required, but we highlight that it could be analyzed along the same lines as what we
present here for A0

S .

3 The role of the semileptonic CP asymmetries

In the absence of CP violation in semileptonic b and c quark decays, aS and AS can be directly
expressed in terms of Ab

sl, a linear combination of the wrong-sign semileptonic flavor specific asym-
metries of the Bd,s mesons measuring CP -violation in their respective mixings 2:

Ab
sl = fda

d
sl + fsa

s
sl , aq

sl =
�(B̄q ! µ+X)� �(Bq ! µ�X)
�(B̄q ! µ+X) + �(Bq ! µ�X)

, (9)

with fd and fs the fractions of Bd and Bs mesons contributing to the asymmetry, which depend on
the experimental setting. The values used by the DØ collaboration are either taken from averages
at Tevatron [2], or at LEP [3].

In the presence of CP violation in inclusive semileptonic b or c decays, one must define two
additional asymmetries Ab

dir and Ac
dir:

Ab
dir =

�(b! µ�X)� �(b̄! µ+X)
�(b! µ�X) + �(b̄! µ+X)

, Ac
dir =

�(c̄! µ�X)� �(c! µ+X)
�(c̄! µ�X) + �(c! µ+X)

. (10)

Then the most general expressions for the probabilities P±q , P̄±q read

P+
b / w1b(1 + Ab

sl �Ab
dir) + w2a(1�Ac

dir) + (w3 + w5)(1�Ac
dir)/2 + w4a/2 , (11a)

P�
b / w1a(1 + Ab

dir) + w2b(1 + Ab
sl + Ac

dir) + (w3 + w5)(1 + Ac
dir)/2 + w4a/2 , (11b)

P̄+
b / w1a(1�Ab

dir) + w2b(1�Ab
sl �Ac

dir) + (w3 + w5)(1�Ac
dir)/2 + w4a/2 , (11c)

P̄�
b / w1b(1�Ab

sl + Ab
dir) + w2a(1 + Ac

dir) + (w3 + w5)(1 + Ac
dir)/2 + w4a/2 , (11d)

P+
c / w6(1�Ac

dir) + w4b/2 , (11e)
P̄�

c / w6(1 + Ac
dir) + w4b/2 . (11f)

Furthermore, since semileptonic charm decay contributions to wrong-sign muons P�
c and P̄+

c are
suppressed by the small D0 mixing probability, we have simply

P�
c = P̄+

c / w4b/2 , (12)

whereas the short-lived meson decays provide

P±SLM = P̄±SLM / w4c/2 . (13)
2
As mentioned in the Introduction, possible contributions due to CP violation in D0

mixing are extremely suppressed

by the small mixing probability of D0
mesons as measured experimentally.
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Computing neutral mixing in SM at NLO
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If A would be due to NP phase in Bs 
mixing: in conflict with measured
(similarly for Bd mixing)
 
Additional possibilities:
1. NP in absorptive amplitudes

• in Bs system conflict with ΔΓ, Δms

• in Bd system severe constraints  
from ΔF=1, possibility remains
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Figure 1: The Ac
dir and Ab

dir semileptonic decay asymmetries needed in order to reproduce the
measured values of inclusive semileptonic and same-sign dimuon asymmetries a (in thick contours)
and A (in thin contours) (results for A0 closely resemble those for A) using the SM predicted value
for the inclusive wrong-sign semileptonic asymmetry Ab

sl (the weights and parameters of Ref. [3] have
been used). The 1�(2�) bands are marked with full (dashed) contours.

correlations), while there is a slight 1.2� di↵erence between the values of Ac
dir extracted the same way.

Although the values extracted from A0 are even bigger, they are expected to be highly correlated
with the ones from the other two observables, and we do not attempt to assign a statistical meaning
to these di↵erences.

One can imagine that both Ab
dir and Ac

dir may di↵er from zero. It is then useful to compute the
dependence of aS , AS and A0

S on the three CP asymmetries (to first order), yielding:

aS = Ab
sl(0.061± 0.004) + Ab

dir(�0.535± 0.028) + Ac
dir(�0.454± 0.028) , (16a)

AS = Ab
sl(0.474± 0.023) + Ab

dir(�1.421± 0.024) + Ac
dir(�0.527± 0.025) , (16b)

A0
S = Ab

sl(0.312± 0.023) + Ab
dir(�0.849± 0.061) + Ac

dir(�0.250± 0.038) , (16c)

where the relevant systematical and statistical uncertainties have been combined in quadrature. We
see that the observables aS , AS , A0

S exhibit similar sensitivities to the three types of CP violation.
This clearly indicates that the interpretation of these quantities in terms of neutral-meson mixing
requires a further check of the absence of CP violation in decays at a similar level to the uncertainties
quoted for Ab

sl.
Assuming the SM value of Ab

sl, the experimental values of aS and AS set constraints in the
(Ab

dir, A
c
dir) plane, as illustrated in Fig. 1. One can see that the sensitivity of the observables to Ab

dir
is larger than that to Ac

dir, explaining that a larger asymmetry in charm is required to reproduce the
DØ value for the dimuon asymmetry. Since our analysis does not include all the relevant correlations,
we do not attempt at combining the two constraints statistically, even though this could be done
easily by the DØ collaboration.

6

If A would be due to NP phase in Bs 
mixing: in conflict with measured
(similarly for Bd mixing)
 
Additional possibilities:
1. NP in absorptive amplitudes
2. NP in direct CP asymmetries             
(in semileptonic Bq or Dq decays) 

• in Bq decays need O(0.1%) asym.
• in Dq decays need O(1%) asym.

Difficult to obtain in NP models
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In SM weak charged current interactions are lepton flavor 
universal

• Tested directly at colliders via W decays ~1%

Additional charged (scalar) interactions could induce LFU 
violation in processes at low energies

Can be predicted accurately even in hadronic processes, 
since most QCD uncertainties cancel in ratios

• Pion, kaon, D processes well consistent with LFU expectations ~(0.1-1)%

• In B sector tests only became feasible recently at B-factories...
c.f. HFAG, 1010.1589
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Implications of lepton flavor universality violations in B decays
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Present measurements of b ! c⌧⌫ and b ! u⌧⌫ transitions di↵er from the standard model pre-
dictions of lepton flavor universality by combined 4.6�, if gaussian errors are assumed. We examine
new physics interpretations of this anomaly. An e↵ective field theory analysis shows that mini-
mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,
right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss
explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-
ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are
presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B ! D(⇤)⌧⌫
branching fractions normalized to the corresponding
B ! D(⇤)`⌫ modes (with ` = e, µ) [1]

R⇤

⌧/` ⌘ B(B!D⇤⌧⌫)
B(B!D⇤`⌫) = 0.332± 0.030 , (1)

R⌧/` ⌘ B(B!D⌧⌫)
B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio

R⇡
⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
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Present measurements of b ! c⌧⌫ and b ! u⌧⌫ transitions di↵er from the standard model pre-
dictions of lepton flavor universality by combined 4.6�, if gaussian errors are assumed. We examine
new physics interpretations of this anomaly. An e↵ective field theory analysis shows that mini-
mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,
right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss
explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-
ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are
presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B ! D(⇤)⌧⌫
branching fractions normalized to the corresponding
B ! D(⇤)`⌫ modes (with ` = e, µ) [1]

R⇤

⌧/` ⌘ B(B!D⇤⌧⌫)
B(B!D⇤`⌫) = 0.332± 0.030 , (1)

R⌧/` ⌘ B(B!D⌧⌫)
B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio

R⇡
⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
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Present measurements of b ! c⌧⌫ and b ! u⌧⌫ transitions di↵er from the standard model pre-
dictions of lepton flavor universality by combined 4.6�, if gaussian errors are assumed. We examine
new physics interpretations of this anomaly. An e↵ective field theory analysis shows that mini-
mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,
right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss
explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-
ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are
presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B ! D(⇤)⌧⌫
branching fractions normalized to the corresponding
B ! D(⇤)`⌫ modes (with ` = e, µ) [1]

R⇤

⌧/` ⌘ B(B!D⇤⌧⌫)
B(B!D⇤`⌫) = 0.332± 0.030 , (1)

R⌧/` ⌘ B(B!D⌧⌫)
B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio
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⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify
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Present measurements of b ! c⌧⌫ and b ! u⌧⌫ transitions di↵er from the standard model pre-
dictions of lepton flavor universality by combined 4.6�, if gaussian errors are assumed. We examine
new physics interpretations of this anomaly. An e↵ective field theory analysis shows that mini-
mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,
right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss
explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-
ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are
presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B ! D(⇤)⌧⌫
branching fractions normalized to the corresponding
B ! D(⇤)`⌫ modes (with ` = e, µ) [1]

R⇤

⌧/` ⌘ B(B!D⇤⌧⌫)
B(B!D⇤`⌫) = 0.332± 0.030 , (1)

R⌧/` ⌘ B(B!D⌧⌫)
B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio

R⇡
⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify
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Present measurements of b ! c⌧⌫ and b ! u⌧⌫ transitions di↵er from the standard model pre-
dictions of lepton flavor universality by combined 4.6�, if gaussian errors are assumed. We examine
new physics interpretations of this anomaly. An e↵ective field theory analysis shows that mini-
mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,
right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss
explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-
ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are
presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B ! D(⇤)⌧⌫
branching fractions normalized to the corresponding
B ! D(⇤)`⌫ modes (with ` = e, µ) [1]

R⇤

⌧/` ⌘ B(B!D⇤⌧⌫)
B(B!D⇤`⌫) = 0.332± 0.030 , (1)

R⌧/` ⌘ B(B!D⌧⌫)
B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio
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⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
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⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)
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tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
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Present measurements of b ! c⌧⌫ and b ! u⌧⌫ transitions di↵er from the standard model pre-
dictions of lepton flavor universality by combined 4.6�, if gaussian errors are assumed. We examine
new physics interpretations of this anomaly. An e↵ective field theory analysis shows that mini-
mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,
right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss
explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-
ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are
presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B ! D(⇤)⌧⌫
branching fractions normalized to the corresponding
B ! D(⇤)`⌫ modes (with ` = e, µ) [1]

R⇤

⌧/` ⌘ B(B!D⇤⌧⌫)
B(B!D⇤`⌫) = 0.332± 0.030 , (1)

R⌧/` ⌘ B(B!D⌧⌫)
B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio
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⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify

R
(⇤)

⌧/` and R⇡
⌧/` then have the following form,

QL = (q̄
3

�µ⌧
aq

3

)J µ
3,a , (5)
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R = (ūR,i�µbR)(H
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Present measurements of b ! c⌧⌫ and b ! u⌧⌫ transitions di↵er from the standard model pre-
dictions of lepton flavor universality by combined 4.6�, if gaussian errors are assumed. We examine
new physics interpretations of this anomaly. An e↵ective field theory analysis shows that mini-
mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,
right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss
explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-
ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are
presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B ! D(⇤)⌧⌫
branching fractions normalized to the corresponding
B ! D(⇤)`⌫ modes (with ` = e, µ) [1]

R⇤

⌧/` ⌘ B(B!D⇤⌧⌫)
B(B!D⇤`⌫) = 0.332± 0.030 , (1)

R⌧/` ⌘ B(B!D⌧⌫)
B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio
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⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify
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Present measurements of b ! c⌧⌫ and b ! u⌧⌫ transitions di↵er from the standard model pre-
dictions of lepton flavor universality by combined 4.6�, if gaussian errors are assumed. We examine
new physics interpretations of this anomaly. An e↵ective field theory analysis shows that mini-
mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,
right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss
explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-
ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are
presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B ! D(⇤)⌧⌫
branching fractions normalized to the corresponding
B ! D(⇤)`⌫ modes (with ` = e, µ) [1]

R⇤

⌧/` ⌘ B(B!D⇤⌧⌫)
B(B!D⇤`⌫) = 0.332± 0.030 , (1)

R⌧/` ⌘ B(B!D⌧⌫)
B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio
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⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
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+
X
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⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify
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⌧/` then have the following form,
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Present measurements of b ! c⌧⌫ and b ! u⌧⌫ transitions di↵er from the standard model pre-
dictions of lepton flavor universality by combined 4.6�, if gaussian errors are assumed. We examine
new physics interpretations of this anomaly. An e↵ective field theory analysis shows that mini-
mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,
right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss
explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-
ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are
presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B ! D(⇤)⌧⌫
branching fractions normalized to the corresponding
B ! D(⇤)`⌫ modes (with ` = e, µ) [1]

R⇤

⌧/` ⌘ B(B!D⇤⌧⌫)
B(B!D⇤`⌫) = 0.332± 0.030 , (1)

R⌧/` ⌘ B(B!D⌧⌫)
B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio
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⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (
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2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify
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�R⇡
⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

�B(B̄0 ! ⇡+`�⌫̄)
= 5.17± 1.01

where the partial branching fraction ∆B and the integral ∆ζ defined as in (2), are taken
over the same region q21 ≤ q2 ≤ q22 of the momentum transfer.

The above equation for the ratio Rs/l follows solely from the V − A structure of the

weak currents in SM and Vub cancels out in the ratio. The form factor f+
Bπ and decay

constant fB entering r.h.s. are obtained by one and the same QCD method: lattice
QCD or the combination of LCSR and QCD sum rule. In Tables 2 and 3 we collect the
inputs for this equation, obtained from different measurements and QCD calculations.
The disagreement between the calculated and measured ratio Rs/l goes beyond the
theoretical and experimental errors, especially in the case of the lattice calculations
which have smaller uncertainties.

Exp. ∆B(10−4) [Ref.] B(B → τντ )(10−4) [Ref.] Rs/l

BABAR 0.32 ± 0.03 [2] 1.76 ± 0.49 [37, 38] 0.20+0.08
−0.05

0.33± 0.03 ± 0.03 [3]

Belle 0.398 ± 0.03 [4] 1.54+0.38
−0.37

+0.29
−0.31 [39] 0.28+0.13

−0.07

QCD ∆ζ(ps−1) [Ref.] fB(MeV) [Ref.] Rs/l

HPQCD 2.02 ± 0.55 [5] 190± 13 [35] 0.52 ± 0.16

FNAL/MILC 2.21+0.47
−0.42 [6] 212 ± 9 [36] 0.46 ± 0.10

Table 2: The ratio Rs/l for the region 16 GeV2 < q2 < 26.4 GeV2, measured and calcu-
lated from (22) using the lattice QCD results. The weighted average over the
two BABAR measurements is taken and all errors are added in quadrature.

Decreasing further the theoretical and experimental errors in (22), especially in the
B → τντ width, becomes therefore a very important task. Possible effects beyond the SM
in B → τντ are already being discussed in the literature, and, in particular, B → Dτντ
is proposed as a channel which has common new physics contributions with the leptonic
B decay (see e.g., [40] and references therein).

Here we would like to attract attention to another semileptonic channel: B → πτντ ,
although it is experimentally very demanding. Earlier this channel was discussed e.g.,
in [32, 41]. Note that this channel has the same combination of quark and lepton
flavours as B → τντ . In the SM, the B → πτντ decay differs only kinematically
from the semileptonic modes with the muon or electron. A convenient, Vub-independent
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Conclusions

Success of SM in describing flavor-changing processes 
implies that large new sources of flavor symmetry breaking 
at TeV scale are excluded.

However, there are sectors of the theory that are just 
starting to be tested
• Measurement of Bs,d → μ+μ- probes the Higgs Yukawa sector at loop level
• If due to NP, observed ΔaCP points towards new flavor sources in uR sector                

- interesting implications for radiative charm decays
• D0 Asl measurement inconsistent with LHCb measured CPV in Bs mixing        

- implications for (direct) semileptonic B (and D) asymmetries
• If confirmed, observed LFU violations in B decays point towards new charged 

current interactions of 3rd gen. matter fields                                                                
- interesting top, tau physics at LHC 31
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CPV in |Δc|=2

• CPV in Mixing

• Experimentally accessible mixing quantities: 

• x,y (CP conserving)

• flavor specific time-dependent CPV decay asymmetries [sensitive to q/p]
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Cannot be estimated accurately within SM
NP contributions are predictable
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