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Introduction

Important progresses in the theoretical front

Notably Lattice QCD [Talk by Chris Bouchard]

Important progresses in the experimental front

BaBar, Belle, LHCb [Talk by Mika Vesterinen]

Here, a review:

Brief overview of V(u,c)b and RD(∗)

Developments in NP searches
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Theoretical status of V(u,c)b

Overview

Extractions of V(u,c)b have a great level of precision, of few %

∼ theo. frameworks for charmed and charmless modes, but
different tools for inclusive and exclusive

Exclusive

HQS (∞ mass limit) underlying HQET

e.g., in the HQ limit, FB→D∗(w) = GB→D(w) = ξIW (w)

Inclusive

HQE leads to a systematic OPE in powers of 1/mb
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Theoretical status of V(u,c)b

Exclusive Vcb extraction: B → D∗`ν

dΓ
dw
∝ η2

EWF(w)2|Vcb|2 , w = vB · vD∗ ,

where 1 ≤ w ≤ (m2
B + m2

D∗)/(2mBmD∗)

In the limit mb,c →∞, single FF (axial-vector)

O(Λn
QCD/m

n
b,c) corrections: for the normalization @ w = 1

and the shape of the FF as a function of w

Lattice QCD, F(1) = 0.906± 0.013 [Fermilab/MILC’14]

|Vcb| = (39.05± 0.47exp ± 0.58lattice,EW)× 10−3 (CLN)

[HFAG’16]
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Theoretical status of V(u,c)b

Exclusive Vcb extraction: B → D∗`ν

Parameterizations of the FFs as a function of the recoil

CLN model dependent/BGL model independent

Important tensions among CLN/BGL for latest Belle

BGL in agreement w/ |Vcb|incl ., but large tensions w/ HQS

[Belle’17,Bigi+’17,Grinstein+’17,Bernlochner+’17]

Preliminary B → D∗`ν
beyond zero-recoil
from Lattice talk

[Bernlochner+’17]
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Theoretical status of V(u,c)b

Exclusive Vcb extraction: B → D`ν

dΓ
dw
∝ η2

EWG(w)2|Vcb|2, w/ G function of f+ and f0

|Vcb| = (40.49± 0.97)× 10−3

(BGL &Bigi ,Gambino)

[HPQCD’15,Fermilab/MILC’15,Bigi+’16]

Competitive precision w/ B → D∗

CLN/BGL are consistent
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Theoretical status of V(u,c)b

Inclusive Vcb extraction

Γ ∝ |Vcb|2
[∑

i C(i)
0
αi
s

π
+ O(µ2)

m2
b

∑
i C(i)

2
αi
s

π
+ O(ρ3)

m3
b

∑
i C(i)

3
αi
s

π
+ . . .

]
Terms O(αsµ

2/m2
b) for the dimension 5 chromomagnetic op.,

µ2
G ≡ 〈B |b̄(iDµ

⊥)(iDν
⊥)σµνb|B〉 (Dµ

⊥ = (gµν − vµvν)Dµ)

[Alberti+’14,Mannel+’15]

Estimate terms O(1/m4,5
b ) [Gambino+’16]

Main uncertainties: higher-order perturbative (α3
s , αs/m

3
b) and

non-perturbative corrections
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Theoretical status of V(u,c)b

Inclusive Vcb extraction

Semileptonic moments 〈E n
e 〉Ee>Emax , n = 0, 1, 2, . . ., etc.

〈E n
e 〉Ee>Ecut =

∫ Emax

Ecut

dΓ
dEe

E n
e dEe/

∫ Emax

Ecut

dΓ
dEe

dEe

Fit including (1, αs , α
2
s ), (1, αs)/m

2
b, 1/m3

b terms

|Vcb| = (42.19± 0.78fit,theory)× 10−3 (mkin
b ) [HFAG’16]

Unc. dominated by theory unc. for the measured moments
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Theoretical status of V(u,c)b

Exclusive Vub extraction

B → π`ν

Simultaneous fit to Lattice and
differential rates data:

|Vub| = (3.72±0.16expt,lat.)×10−3

(BCL&FNAL/MILC )

[Fermilab/MILC’15]
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Theoretical status of V(u,c)b

Inclusive Vub extraction

Huge background from B → Xc`ν̄`: more complex handling of
non-perturbative effects

Different theoretical methods
lead to similar extractions

]
3

 10×|  [
ub

|V
2 3 4 5

]
3

 10×|  [
ub

|V
2 3 4 5

 HFAG Ave. (BLNP) 
 0.15 + 0.21  0.22±4.44 

HFAG Ave. (DGE) 
 0.16 + 0.15  0.16±4.52 

HFAG Ave. (GGOU) 
 0.15 + 0.11  0.14±4.52 

HFAG Ave. (ADFR) 
 0.13 + 0.18  0.12±4.08 

HFAG Ave. (BLL) 
 0.29± 0.20 ±4.62 

 BABAR (LLR) 
 0.29± 0.45 ±4.43 

 BABAR endpoint (LLR) 
 0.48± 0.29 ±4.28 

 BABAR endpoint (LNP) 
 0.47± 0.30 ±4.40 

HFAG
Summer2016
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Theoretical status of V(u,c)b

Semileptonic b-baryon decays: excl. |Vub|/|Vcb|

Λ0
b → (p,Λ+

c )µ−ν̄

Λ0
b → (p,Λ+

c )µ−ν̄ peak at large recoil: Lattice specially suitable

Lattice FFs for baryon decays [Detmold+’15,Meinel’16; tensor: Datta+’17]

Six in total for each channel (3 vector, 3 axial-vector)
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Theoretical status of V(u,c)b

Semi-leptonic B-baryon decays: excl. |Vub|/|Vcb|

LHCb: measurement of
B(Λ0

b→pµν̄)q2>15 GeV2

B(Λ0
b→Λ+

c µν̄)q2>7 GeV2

First determination of |Vub|/|Vcb| at a hadron collider

|Vub|/|Vcb| = 0.083±0.004expt ± 0.004lattice (Detmold et al .)

Similar unc. compared to inclusive and exclusive determinations

PDG15: |Vub|
|Vcb|

= 0.107±0.006 (incl.), |Vub|
|Vcb|

= 0.095±0.005 (excl.)
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Theoretical status of V(u,c)b

1σ bands (no distinction of statistical and theoretical uncs.)

Exclusive |Vub|, inclusive |Vcb|, and |Vub|/|Vcb| from B-baryon
decays favored by indirect predictions [CKMfitter, UTfit; by ICHEP 16]
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Theoretical status of τ/` ratios

Outline
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Theoretical status of τ/` ratios

Tau rates

B → D(∗)`ν

dΓ`
dq2 ∝

(
1− m2

`

q2

)2 [
(|H+|2 + |H−|2 + |H0|2)

(
1 +

m2
`

2q2

)
+

3m2
`

2q2 |Ht |2
]

τ contributions:

Sensitive to Ht

Ratios of Γ`:

Tension with SM

→ LFUV
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Theoretical status of τ/` ratios

Combined fit RD and RD∗

HQET to O(ΛQCD/mc,b, αs) [Bernlochner+’1703,’1708]

Global fit: |Vcb|, G(1), F(1), slope of ξIW , sub-leading IW funcs.

No inconsistencies between data, LQCD results and QCDSR

Most precise prediction

(Lw≥1 + SR = expt. data

and all LQCD and QCDSR):

RD = 0.299(3) and

RD∗ = 0.257(3), corr = 44%

(|Vcb| = (39.3±1.0)×10−3)
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Theoretical status of τ/` ratios

Prospects on other ratios

R(Ds) = B(Bs→Dsτν)
B(Bs→Ds`ν)

= 0.314± 0.006lattice

[Monahan+’16,’17]

R(
∑
{D∗0 ,D∗1 ,D1,D∗2 }

D∗∗) = 0.085± 0.012 ,

w/ subleading IW functions estimated
[Bernlochner+’16,Monahan+’16,’17]

type-II 2HDM

Also, R(Λc) = 0.33± 0.01 [Detmold+’1503.01421,Datta+’17]
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Constraining NP in b → cτν
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Constraining NP in b → cτν

b → cτ ν̄τ at low energies

Charged currents:

Leff = −4GFVcb√
2

[
(1 + εL) τ̄ γµPLντ · c̄γµPLb + εR τ̄ γµPLντ · c̄γµPRb

+εT τ̄σµνPLντ · c̄σµνPLb + εSL
τ̄PLντ · c̄PLb + εSR

τ̄PLντ · c̄PRb
]

+ h.c.

Different phenomenological aspects for the NP εL, εR , εSL , εSR , εT
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Constraining NP in b → cτν

Bc lifetime

Valuable info. for constraining chiral-enhanced pseudo-scalar NP

τOPE
Bc

SM
= 0.52+0.18

−0.12 ps⇒
[Bigi’95,Beneke+’96,C.-H. Chang+’00]

B(B−c → τν) . 30%

Suppressed coupling
εSL − εSR

[Alonso+’16; see also, Akeroyd+’17]
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Constraining NP in b → cτν

τ -lepton polarization in B̄0 → D∗τ−ν̄τ

First meas. of the τ longitudinal polarization in B̄0 → D∗τ−ν̄

through τ− → π−ντ , τ− → ρ−ντ [Belle’16,’17]

The distribution of cos(θτd) gives the polarization

SD information carried out by the polarizations of the τ -lepton

[Ivanov+’17]
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Constraining NP in b → cτν

Constraints on NP: longitudinal polarization

δτcb ∝ (εSL + εSR ) and ∆τ
cb ∝ (εSL − εSR )

Dark red/blue rings: R(D(∗)); light red/blue disks: q2-distribution of B → D(∗)τν; green disk:

B(Bc → τν); dotted area: includes B(B→τν)
B(B→π`ν)

; dashed circle: PL(D∗) [Celis+’16]
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Constraining NP in b → cτν

τ -lepton polarization in B → Dτν

Final-state τ → dντ (ν̄`), d = {π, ρ, `}: self-analyzer [Alonso+’17]

Γd(τ → d)⇒ PL, and Ad(q2) = F d
AAτ (q2) + F d

⊥P⊥(q2)

Aτ : FB asym.; P⊥: perpendicular pol. (e.g. in the plane πντ )

Belle II (full operation): τ → πντ , uncertainties . O(10 %)

sd = Ed/
√
q2 (in the τ ν̄τ rest-frame)
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Constraining NP in b → cτν

Angular observables

Some benefits:
Distinguishing NP scenarios, e.g., FB asym. τ

[Bečirević+’16]

gV = εL + εR , gA = εR − εL
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Constraining NP in b → cτν

Correlations w/ rare decays

Anomalies in B decays intermediated by neutral currents, RK (∗)

At energies � vEW :

L0
NP = 1

Λ2

(
C1 q̄

′
3Lγ

µq′3L · ¯̀′
3Lγµ`

′
3L + C3 q̄

′
3Lγ

µτ aq′3L · ¯̀′
3Lγµτ

a`′3L
)

EW corrections:
LNV four-lepton ops.,

corrections
to Z coupling, etc.
[Glashow+’14,Feruglio+’16,’17]
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Conclusion

Concluding remarks

Reason for the excl. vs. incl. tensions?

Physics underlying R(D(∗)): SM? NP? stat., syst. effects?

Common origin for all B anomalies, R(D(∗)) and R(K (∗))?

→ Perhaps more questions than answers, but important progresses
are continuously made!

Obviously, very exciting times are foreseen w/ improved LQCD
(e.g. B → D∗ beyond zero-recoil, etc.), further Belle/LHC analyses
and Belle II (e.g. new tau observables, etc.)
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Conclusion

Thanks

(and apologies for possibly missing references!)
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Appendix

Angular observables

Benefits: interference between D∗ → Dπ and D∗0 → Dπ

Predictions rely on (naive) Breit-Wigner assumption for D∗0

(IRe(q2), IIm(q2)) = 1
dΓ/dq2

∫ (mD∗+δ)2

(mD∗−δ)2 (bcχ, b
s
χ)dm2

Dπ ,

w/ (bcχ, b
s
χ) function of BWD∗ × BWD∗0

(IRe(q2), IIm(q2)) small for different δ, and εL, εR , εSL , εSR , εT ≈ 1

[1602.03030]
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Appendix

[1602.03030]
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Appendix

[1702.02773]
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