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0.2 0.3
R(D*)

BaBar had. tag
 0.018± 0.024 ±0.332 

Belle had. tag
 0.015± 0.038 ±0.293 

Belle sl.tag
 0.011± 0.030 ±0.302 

Belle hadronic tau
 0.027± 0.035 ±0.270 

LHCb muonic tau
 0.030± 0.027 ±0.336 

LHCb hadronic tau
 0.029± 0.019 ±0.291 

Average 
 0.007± 0.013 ±0.306 

SM Pred. average 
 0.005±0.258 

PRD 95 (2017) 115008 
 0.003±0.257 

JHEP 1711 (2017) 061  
 0.008±0.260 

JHEP 1712 (2017) 060
 0.005±0.257 
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BaBar had. tag
 0.042± 0.058 ±0.440 

Belle had. tag
 0.026± 0.064 ±0.375 

Average 
 0.024± 0.039 ±0.407 

PRD94,094008(2016)
 0.003±0.299 

FNAL/MILC (2015) 
 0.011±0.299 

HPQCD (2015) 
 0.008±0.300 
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• One of the hints of Physics beyond the Standard Model

• Deviation in both the charged and neutral current decays 
of B-meson : suggests lepton non-universality

Experimental Status of the Anomalies

2.3σ

3.0σ
3.62σ

• This talk -  charged sector: combined significance of 3.6σ

RD(*) =
ℬ(B → D(*)τντ)
ℬ(B → D(*)ℓνℓ)
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• The list of effective operators 

𝒪cbℓν
VL = [c̄ γμ b][ℓ̄ γμ PL ν]

𝒪cbℓν
AL = [c̄ γμγ5 b][ℓ̄ γμ PL ν]

𝒪cbℓν
SL = [c̄ b][ℓ̄ PL ν]

𝒪cbℓν
PL = [c̄ γ5 b][ℓ̄ PL ν]

𝒪cbℓν
TL = [c̄ σμν b][ℓ̄ σμν PL ν]

𝒪cbℓν
VR = [c̄ γμ b][ℓ̄ γμ PR ν]

𝒪cbℓν
AR = [c̄ γμγ5 b][ℓ̄ γμ PR ν]

𝒪cbℓν
SR = [c̄ b][ℓ̄ PR ν]

𝒪cbℓν
PR = [c̄ γ5 b][ℓ̄ PR ν]

𝒪cbℓν
TR = [c̄ σμν b][ℓ̄ σμν PR ν]

Left-chiral neutrinos

Consider this

List of Effective Operators

• In SM, charged current mediated by W-boson via left-left operator

• The Lagrangian is

ℒb→c ℓ ν
eff |SM = − 2GFVcb ([c̄ γμ(1 − γ5) b][ℓ̄ γμ PL ν])

• The suppression for the operator is not Λ2 = ( 2GF)
−1

but  

Λ2
SM = ( 2GFVcb)

−1
≈ (1.2 TeV)2

Right-chiral neutrinos
Do not consider this

pb

pc

p⌧

p⌫

b
c

q
W

⌧
⌫

1

�3



Outline of the Talk

• Model-independent Effective Operator explanations for the anomaly

• Correlations between Neutral and Charged Current Processes

• Summary

•               Processes, as counterparts to the              processes ΔF = 2 ΔF = 1

• Vector • Scalar • Tensor+Scalar

• Modification of vertices

• Four-fermion operator
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• One can attempt an explanation using one operator at a time, or a combination

• Try out a vector combination
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CVL
τ (mb)

C
A
Lτ
(m

b)

RD

RD*

RJ ψ

SM

Cτ
VL = − Cτ

AL = 1.1

ΔCVL,AL = 10 %

The Vector Explanation 

Cτ
VL = − Cτ

AL

SU(2) x U(1) gauge invariance

𝒪cbℓν
VL = [c̄ γμ b][ℓ̄ γμ PL ν]

𝒪cbℓν
AL = [c̄ γμγ5 b][ℓ̄ γμ PL ν]

𝒪cbℓν
SL = [c̄ b][ℓ̄ PL ν]

𝒪cbℓν
PL = [c̄ γ5 b][ℓ̄ PL ν]

𝒪cbℓν
TL = [c̄ σμν b][ℓ̄ σμν PL ν]

RD : Cτ
VL

RD* : Cτ
VL & Cτ

AL

only
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Br(Bc⟶τν)<30%

Br(Bc⟶τν)<10%
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τ �SM = -1

Br(Bc→τντ)=30%
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The Scalar Explanation 

• Operator contributing to B → D*τν also contributes to  Bc → τν

• Strong constraints coming from Bc lifetime

b

c

⌧

⌫

Bc
30% :R. Alonso, B. Grinstein and J. Martin Camalich  
Phys. Rev. Lett. 118 (2017) 081802 

10% : A. G. Akeroyd and C.-H. Chen   
Phys. Rev. D96 (2017) 075011

RD : Cτ
SL

RD* : Cτ
PL

only
only
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X

-0.5 0.0 0.5 1.0 1.5
-1.5

-1.0

-0.5

0.0

0.5

CTL
τ (mb)

C
S
Lτ
(m

b)
=-
C
P
Lτ
(m

b)

RD

RD*

RJ ψ

X

-0.20 -0.15 -0.10 -0.05 0.00
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

CTL
τ (mb)

C
S
Lτ
(m

b)
=-
C
P
Lτ
(m

b)

RD

RD*

RJ ψ

X

5 10 50 100 500 1000
1.5

2.0

2.5

3.0

3.5

4.0

4.5

μ(GeV)

C
S
Lτ
(μ
)/C

TLτ
(μ
)

Tensor and Scalar Explanation

• Tensor and scalar operators taken together

• Evades the Bc → τν branching ratio bound  

(c̄PLν) (τ̄PLb) = −
1
8 [2(𝒪τ

SL − 𝒪τ
PL) + 𝒪τ

TL]

• Running important - leptoquark operators generated at 
high scale

Ratio = 2 at 
high scale

Zoomed in
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• Six-dimensional effective operators with SU(2)xU(1) symmetry

4-fermion  
operators

Charged & neutral  
current vertex - leptonic

Charged & neutral  
current vertex - quark

From                       symmetric operatorsSU(2) × U(1)
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• Using a                         symmetric operators, there are correlations between 
charged and neutral currents, or from such vertices  

SU(2)L × U(1)Y

Constraints from correlated processes

 CHARGED & NEUTRAL 
CURRENT VERTEX 
MODIFICATION

FOUR-FERMION  
VERTEX 

• W-vertex and Z-vertex are correlated 

• Constrains from Zνν and  Wτν

• Modify the charged current vertex to explain the anomalies

• Contribution to the charged 4-fermion vertex

• Processes like                and                correlated  b → cτν b → sνν

[C(3)
ϕl ]′�p′�r′�(ϕ†iDI

μϕ) (l̄′�p′�σ Iγμ l′�r′�)

[C(3)
lq ]′�p′�r′�s′�t′�(l̄′�p′�γμσ Il′�r′�) (q̄′�s′�γ

μσ Iq′�t′�)
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= [C(3)
ϕl ]′�[{Z ν̄ν + Z ēe}V−A + {W ēν + W ν̄e}V−A]

Scalar - Fermion Vertex

Lepton non-universality at the vertices may explain RD(*)

ℒWτν = −
g2

2
(1 + Δgτ

L)(W−
μ τ̄γμPLντ + W+

μ ν̄τγμPLτ)

Modification of Charged Current Vertex

Δgτ
L =

1
2

v2

Λ2 [([C̃(3)eν
ϕl ]) VPMNS]

33

Br(W+ → τ+ν)
[Br(W+ → μ+ν) + Br(W+ → e+ν)]/2

= 1.077 ± 0.026BOUNDS FROM LEP

⟹ ΔCτ
VL = − ΔCτ

AL < 0.05

⟹ 10 % deviation

 Too small to explain the observed anomaly in RD(*)
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Scalar - Fermion Vertex

Modification of Neutral Current Vertex

ℒZνν = −
g2

cos θW
(1 + Δgν

L) Zμν̄τγμPLντ Δgν
L = −

1
2

v2

Λ2 [VPMNS [C̃(3)eν
ϕl ] V†

PMNS]33

Δgν
L ≲ 1.2 × 10−3BOUNDS FROM LEP

ℒZττ = −
g2

cos θW
Zμ ((gτ

L + Δgτ
L)τ̄γμPLτ + (gτ

R + Δgτ
R)τ̄γμPRτ)

Δgτ
L =

1
8

g2

cos θW

v2

Λ2 [([C̃(3)eν
ϕl ]) VPMNS]

33
Δgτ

R = 0.

BOUNDS FROM LEP

ΔCτ
VL < 0.001

Δgτ
L ≲ 6 × 10−4

Way too small to explain the anomaly

ΔCτ
VL < 0.022
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• The SU(2)xU(1) operator can be decomposed

• Try to constraint possible explanations of CC anomalies by NC measurements

= [{ūuν̄ν + d̄dēe + ūuēe + d̄dν̄ν}V−A + {2 d̄uν̄e + 2 ūdēν}V−A]

Neutral current

Charged current

4-Fermion Operator

Contribution to (τ̄γμPLντ)(c̄γμPLb)

≈ ([C(3)
lq ]′�3313Vcd + [C(3)

lq ]′�3323Vcs + [C(3)
lq ]′�3333Vcb)(τ̄γμPLντ)(c̄γμPLb)

⟹ ([C(3)
lq ]′�3313Vcd + [C(3)

lq ]′�3323Vcs + [C(3)
lq ]′�3333Vcb) ≥ 0.03 ( Λ2

SM

TeV2 )
• To explain the anomalies, prefactor = 0.16

• Each term is constrained by a neutral current process

ΛSM = 1.2 TeV
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4-Fermion Operator : Constraints

Bounds from (ν̄γμPLν)(s̄γμPLb)

B0 → K*0ν̄ν

B0 → π0ν̄ν Bu → τ̄ντ

Thus, we need

Bounds from (ν̄γμPLν)(d̄γμPLb)

−0.005 ( Λ2

TeV2 ) ≲ [C(3)
lq ]′�3323 ≤ 0.025 ( Λ2

TeV2 )

−0.018 ( Λ2

TeV2 ) ≲ [C(3)
lq ]′�3313 ≲ 0.023 ( Λ2

TeV2 ) −0.15 ( Λ2

TeV2 ) ≲ [C(3)
lq ]′�3313 ≲ 0.025 ( Λ2

TeV2 )

([C(3)
lq ]′�3333)Vcb ≳ 0.03 ( Λ2

TeV2 )

‣ Constraining [C(3)
lq ]3313

Bounds from (τ̄γμPLντ)(b̄γμPLu)

‣ Constraining [C(3)
lq ]3323
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4-Fermion Operator : Constraints

Contribution to (τ̄γμPLτ)(b̄γμPLb) [C̃(3)eedd
lq ]3333 + ([C̃(3)eedd

lq ]3333)
*

= [C(3)
lq ]′�3333 + ([C(3)

lq ]′�3333)
*

Weak bound
[C(3)

lq ]′�3333 + ([C(3)
lq ]′�3333)* < 2.6 ( Λ2

TeV2 )
Also Contribution to (τ̄γμPLτ)(t̄γμPLt)

[C̃(3)eeuu
lq ]3333

≈ [C(3)
lq ]

′�

3333
Vtb

2

But the        vertex is severely constrained by LEP dataZττ
The top quark loop generates a NC vertex and  Δgτ

L

[C(3)
lq ]′�3333 ≲

0.017
Vcb ( Λ

TeV )
2 1

1 + 0.6 log Λ
TeV

([C(3)
lq ]′�3333)Vcb ≳ 0.03 ( Λ2

TeV2 )However, from the earlier analysis on charged currents: 

★ Impossible to explain the anomaly with just this operator

Z

⌧

⌧
t

t

Need additional ops to cancel contribution to NC processes (l̄′�pγμl′�r) (q̄′�sγ
μq′�t)
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ProcessesΔF = 2

Assume a model to relate ΔF = 1 ΔF = 2 process 

Coupling of (τ̄γμPLντ) (c̄γμPLb) ≈
1

Λ2
Vcs [C(3)

lq ]′�3323

Separate out the leptonic and quark parts [C(3)
lq ]′�3323 =

[C(3)
lq;l]′�33

Λ

[C(3)
lq;q]′�23

Λ

Consider the operator giving              oscillationsB̄s − Bs
[C(3)

lq;q]′�23

Λ

2

Quark

Lepton

(s̄γμPLb)(s̄γμPLb) :

and

Relate            to       operators  2L2Q 4Q (τ̄γμPLντ)(c̄γμPLb) ↔ (s̄γμPLb)(s̄γμPLb)

Assumption: Either a SU(2) triplet or a leptoquark operator

Tree-level Loop level
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Bounds From Oscillation Data

1
2

[C(3)
lq;q]′ �23

Λ

2

< 5.6 × 10−11 GeV−2 ⟹
[C(3)

lq;q]′�23

Λ
< 0.011 TeV−1

For charged currents

Δ(Cτ
VL − Cτ

AL) < 0.008 [C(3)
lq;l]′�33 ( TeV

Λ )
Required 

Δ(Cτ
VL − Cτ

AL) ≈ 0.20

ProcessesΔF = 2

[C(3)
lq ]′�3323 =

[C(3)
lq;l]′�33

Λ

[C(3)
lq;q]′�23

Λ

Difficult with tree-level exchange - problem for SU(2) triplet (W’) 

Bounds evaded with loop level LQ exchange
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Summary

Persistent anomaly in the B-meson sector 

Attempted a model-independent explanation using  
the various effective operators  

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5 BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, FPCP2017
Average

SM Predictions

 = 1.0 contours2χΔ

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

HFLAV

FPCP 2017

) = 71.6%2χP(

σ4

σ2

HFLAV
FPCP 2017

SU(2) x U(1) symmetry creates correlation between charged and neutral current processes

• Vector • Scalar • Tensor+Scalar

• Modifying the CC and NC vertex
• Four-fermion operator
• Difficult to explain with just one operator

Constraints from oscillation data, for               processes

Thank You!

ΔF = 2
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BACKUP SLIDES
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For	! → # decay

For	! → #∗ decay

B(B→ Dτντ ) 0.633± 0.014% 2.2%

B(B→ Dlν l ) 2.11± 0.11% 5%

RD 0.300 ± 0.011 3.7%

B(B→ D∗τντ )1.28±0.09% 7%

B(B→ D∗lν l ) 5.03±0.43% 8.5%

RD∗ 0.254±0.004 1.5%

Word on Uncertainties



RD

RD*

RJ/ψ
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CTL
τ (mb)

The Tensor Explanation 

{0.240, 0.796}

{0.709, 0.834}

{−0.577, − 0.191}

RD

RD*

RJ/ψ
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ℬ(B−
c → τ−ν̄τ) =

1
8π

G2
F |Vcb |2 f 2

Bc
m2

τ mBc
τBc (1 −

m2
τ

m2
Bc

)
2

Ccbτ
AL −

m2
Bc

mτ(mb + mc)
Ccbτ

PL

2

+ Ccbτ
AR −

m2
Bc

mτ(mb + mc)
Ccbτ

PR

2

Branching Ratio of Bc → τν

Relevant operators: Cτ
AL Cτ

PL Cτ
AR Cτ

PR

CPL
τ = CPL

τ �SM = 0Br(Bc→τντ)=10%
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Flavour to Mass eigenbasis

[C(3)
ϕl ]′�p′ �r′�(ϕ†iDI

μϕ) (l̄′�p′ �σ Iγμ l′�r′�)

≈ [C(3)
ϕl ]′�p′�r′�[ −

1
2

g2

cosθW
Zμ (ν′�pγμPLν′�r) +

1
2

g2

cosθW
Zμ (e′�pγμPLe′�r) −

g2

2
W+

μ (ν′�pγμPLe′�r) −
g2

2
W−

μ (e′�pγμPLν′�r)]
= [C(3)

ϕl ]′�p′�r′�[ −
1
2

g2

cosθW
(Vν

L)†
pp′�(V

ν
L)r′ �rZμ (νpγμPLνr) +

1
2

g2

cosθW
(Ve

L)†
pp′�(V

e
L)r′�rZμ (epγμPLer)

−
g2

2
(Vν

L)†
pp′�(V

e
L)r′�rW+

μ (νpγμPLer) −
g2

2
(Ve

L)†
pp′�(V

ν
L)r′�rW−

μ (epγμPLνr)]

Gauge basis

Mass basis

Put constraints on these operators
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