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Reminder

Lepton universality measurements:

R(D(∗)) =
B(B → D(∗)τ+ντ )

B(B → D(∗)`+ν`)
6= 1

• 6= 1 due to τ+ mass

• Different phase space available

• Extra form factor for the τ+ mode

• NP at tree level

• Precise theory prediction

• Uncertainties cancel in ratio

• Experimental and theoretical

• High experimental stats

Leptonic: τ+ → `+ντν` ≈ 17.4%

Hadronic: τ+ → nπντ ∼ 10− 25%

Always partially reconstructed → these are tricky analyses!
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Status

From HFLAV:

Tension ∼ 3σ between SM and experiment

The experimental data is consistent
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https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html


Belle

0.7 ab−1 at the Υ(4S) – 772× 106 BB̄

e+e− → Υ(4S)→ BtagBsig

P(Bsig ) = Pbeam − P(Btag )

m2
miss =

(
P(Bsig )− Pvis

)

[arXiv:1904.08794]
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Background

• Hadronic tag - full reconstruction of P(Bsig )

• SL tag - less kinematic constraint, higher efficiency

• Hermetic detector → ECL

• energy in calorimeter not from Btag or Bsig

• Analyse charged and neutral B together
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https://arxiv.org/abs/1904.08794


LHCb

1 fb−1 at 7TeV, 2 fb−1 at 8TeV, 6 fb−1 at 13TeV

• PB can only be found with approximations

• Irreducible partially reconstructed backgrounds

• Hardware trigger

• No neutrals

• Large B cross section

• Boosted B

• All hadron species - make unique measurements
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Belle 19

772× 106 BB̄ events, SL tag, τ+ → `+ντν`
Signal:

• 8 D0 modes, 6 D+ modes

• 2 D∗+ modes, 1 D∗0 mode

• BDT to separate signal and normalisation: m2
miss , Evis , cos θ

B,D
(∗)
`

cos θ
B,D

(∗)
`

=
2EbeamED

(∗)
`
−m2

B −m2
D

∗
`

2|pB ||pD
(∗)
`
|
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[arXiv:1904.08794]

https://arxiv.org/abs/1904.08794


Belle 19

• 2D fit: BDT – ECL

• 4 samples: D(∗)±
R(D) = 0.307± 0.037± 0.016

R(D∗) = 0.283± 0.018± 0.014
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[arXiv:1904.08794]

https://arxiv.org/abs/1904.08794


Differential measurements

B → D∗`ν rate depends on:

• q2, cos θ`, cos θD , χ

• More information than

integrated rate!

i.e. BaBar: [PRD 88, 072012 (2013)]
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Top: B̄ → Dτ
−
ντ , bottom: B̄ → D

∗
τ
−
ντ
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https://arxiv.org/abs/1303.0571


Belle 17

Hadronic tag: τ+ → π+ντ ≈ 10.8%, τ+ → (ρ→ π+π0)ντ ≈ 25.4%
What are the relative ± 1

2 τ helicities?

Pτ =
Γ+ − Γ−

Γ+ + Γ−

• Study helicity angle of the τ decay, θhel
dΓ

d cos θhel
∝ 1 + αPτ cos θhel

• Full P(Bsig ) → measure cos θhel
Pτ (D∗) = −0.38± 0.51+0.21

−0.16

Also D∗ polarisation: FL(D∗) = 0.60± 0.08± 0.04 [BELLE-CONF-1805]
R(D

(∗)
) etc. April 2, 2020 9 / 31

[PRD 97, 012004 (2018)]

https://arxiv.org/pdf/1903.03102.pdf
https://arxiv.org/abs/1709.00129


LHCb 15

3 fb−1 at 7 & 8 TeV– τ+ → µ+ντνµ

• Make an approximation

of velocity in z :

γBz β
B
z ≈ γ

vis
z βvis

z

• Scale for B mass

pBz =
mB

mvis

pvisz

• Direction from PV and

decay vtx

Variable Definition µ τ

m
2
miss (pB − pvis)

2
peaks at 0 > 0

q
2

(pB − pD∗ )
2

0MeV < q
2
< 3270MeV mτ < q

2
< 3270MeV

E
∗
µ Eµ in B frame hard soft
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[PRL 115, 111803 (2015)]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803


LHCb 15
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0.6LHCb Simulation

• 3D template fit.

• µ mis-ID and combinatorial

taken from data.

• All other templates from

simulation with systematic

variations.

• Major backgrounds:

• B → D∗∗µν

• B → D∗+Xc , Xc → Xµν

• Reduce with charged

isolation.
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[PRL 115, 111803 (2015)]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803


LHCb 15
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R(D∗) = 0.336± 0.027(stat)± 0.030(syst)

Major systematics:

• Simulation sample size → reducible

• mis-ID sample size → reducible

• B → D∗τν form-factor
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[PRL 115, 111803 (2015)]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803


LHCb 18

3 fb−1 at 7 & 8 TeV– τ+ → π+π−π+ντ

• Require external input to turn

K (D∗) into R(D∗).

• Reconstructable τ decay vertex

→ background reduction!

• BDT for B → D∗+Xc

• Charged & neutral isolation

• Estimate B kinematics.

K (D∗) =
B(B → D∗τντ )

B(B → D∗π+π−π+)
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[PRL 120, 171802 (2018)]
[PRD 97, 072013 (2018)]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013


LHCb 18

3D template fit: q2, tτ , BDT classifier:
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• Simulation sample size

• Double charm background
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R(D∗−) = 0.291± 0.019(stat)± 0.026(syst)± 0.013(BR)
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[PRL 120, 171802 (2018)]
[PRD 97, 072013 (2018)]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013


R(J/ψ )

3 fb−1 at 7 & 8 TeV– τ+ → µ+ντνµ

R(J/ψ ) =
B(B+

c → J/ψτ+ντ )

B(B+
c → J/ψµ+νµ)

= 0.71± 0.17± 0.18

• Compatible with SM at 2σ.

• Largest systematics from Bc → J/ψ form-factor and limited

simulation sample size - both can be improved.

• Lattice calculations have arrived!

See presentation here
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[PRL 120, 121801 (2018)]

https://indico.cern.ch/event/834508/contributions/3644198/attachments/1965879/3268901/Bc_to_Jpsi_form_factors_and_RJpsi_using_lattice_QCD.pdf
https://arxiv.org/abs/1711.05623


Systematics

BaBar: [PRL 109, 101802(2012)]

B → D
∗∗
`ν other bkg MC stats

σ R(D) % 5.8 4.9 2.6

σ R(D
∗

) % 3.7 2.7 1.6

Belle (from Belle II physics book):

LHCb: [PRL 115, 111803 (2015)] & [PRL 120, 171802 (2018)]

Muonic %

MC stats 6.0

µ misID 5.4

D
∗∗
`ν 2.1

B → D
∗
τν FF 1.8

Hadronic %

MC stats 4.7

D
∗
D bkg 3.9

D
∗

3πX bkg 3.9

D
∗∗
τν 2.7
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https://arxiv.org/abs/1205.5442
https://arxiv.org/pdf/1808.10567.pdf
https://arxiv.org/abs/1506.08614
https://arxiv.org/abs/1708.08856


B → D∗∗`ν

• Full data set, hadronic tag

• Full B kinematic

• Template not so reliant on

MC composition

• Still don’t know which D∗∗

states contribute
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[PRD 98, 012005 (2018)]

https://arxiv.org/abs/1803.06444


B → D0µ−νµX

B → Dµ+νµX background significant source of uncertainty - measure it!

Take B− from B̄∗s2 → B−K+ and constrain B− kinematics.

fD0 = 0.25± 0.06

fD∗∗0 = 0.21± 0.07

fD∗0 = 1− fD0 − fD∗∗0

More B → D∗∗ studies needed!

R(D
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[PRD 99, 092009 (2019)]

https://arxiv.org/pdf/1807.10722.pdf


B → D∗∗`ν

Some contradictions in measurement of composition

BaBar: [PRL 101, 261802 (2008)]

B+ → D∗−π+`+ν`

Belle: [PRD 77, 091503 (2008)]

B+ → D∗−π+`+ν`

Belle: B(B+ → D ′1(2430)0`+ν`)× B(D ′1(2430)0 → D∗+π−) < 0.07%

BaBar: B(B+ → D ′1(2430)0`+ν`)× B(D ′1(2430)0 → D∗+π−) = 0.27%

Input from LHCb would be nice

R(D
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https://arxiv.org/pdf/0808.0528.pdf
https://arxiv.org/abs/0711.3252


Model dependence

Not model independent
We need simulation!

Pick a (Standard) model
CLN, BGL, parameter values

Simulate physics

Simulate detector

Efficiency
Selection Templates

Calibrate
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[arXiv:2002.00020]
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https://arxiv.org/abs/2002.00020


HAMMER

Reweight existing simulation from one

physics model to another

See website

Would be nice to see in

future analyses.
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[arXiv:2002.00020]

https://hammer.physics.lbl.gov/
https://arxiv.org/abs/2002.00020


Where we are

BaBar and Belle:

• Full data sets analysed

• Measurements with hadronic and

leptonic τ decays

• SL and hadronic tags

• First differential measurements

LHCb:

• Only Run 1 data published: 3 fb−1

• Only R(D∗+) & R(J/ψ ) measured

• Both hadronic and muonic τ decays

• 6 fb−1 of Run 2 data in hand

• 12 fb−1 Run 1 equivalent!

• R(D)− R(D∗) should arrive

Where can we go and how can we get there?

R(D
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What else can we measure?

• Bs → D(∗)
s

• Λb → Λ(∗)
c

• b → u

• B → D∗∗

R(D
(∗)

) etc. April 2, 2020 23 / 31



What else can we measure?

• Bs → D(∗)
s

• Λb → Λ(∗)
c

• b → u

• B → D∗∗

• Theory effort already

• Experimental effort already

• FF parameters and |Vcb|
[arXiv:2001.03225]

• FF parameters and unfolded w distribution

[arXiv:2003.08453]

• Large sample already from LHCb

• Any expectations from Belle?

• Maybe Belle II?

1 1.1 1.2 1.3 1.4

unfw

0.5

1

1.5

2

2.5

3

3.5)
un

f
w

/d
co

rr
un

f
N

)(
d

co
rr

un
f

N
(1

/ data

Fit with BGL parametrisation

Fit with CLN parametrisation

LHCb

R(D
(∗)

) etc. April 2, 2020 24 / 31

https://arxiv.org/pdf/2001.03225.pdf
https://arxiv.org/pdf/2003.08453.pdf


What else can we measure?

• Bs → D(∗)
s

• Λb → Λ(∗)
c

• b → u

• B → D∗∗

• Theory effort already
i.e. [PRD 99, 055008 (2019)]

• Experimental effort already

• FF measurement

[PRD 96, 112005 (2017)]

• Large sample already from LHCb

•
fΛb

fu+fd
= 0.259± 0.018

[PRD 100, 032001 (2019)]
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https://arxiv.org/abs/1812.07593
https://arxiv.org/pdf/1709.01920.pdf
https://arxiv.org/pdf/1902.06794.pdf


What else can we measure?

• Bs → D(∗)
s

• Λb → Λ(∗)
c

• b → u

• B → D∗∗
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• Theory effort already for B → π`ν

• R(π) waits for Belle II

• Not feasible at LHCb

For LHCb:

• Maybe B → ρ`ν if bkg can be dealt with

• Maybe Λb → p`ν - tricky

• Already some theory from Vub analysis

• Recent first observation of B+ → pp̄µ+νµ
[JHEP 13, 146 (2020)]

• Minimal theory but experimentally

feasible
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https://arxiv.org/pdf/1911.08187.pdf


What else can we measure?

• Bs → D(∗)
s

• Λb → Λ(∗)
c

• b → u

• B → D∗∗

• Well motivated theoretically

i.e. [PRD 97, 075011 (2018)]

• Data from LHCb, Belle and Belle II

• B → D∗∗µν hardly studied so far

• Do you need an amplitude analysis?
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https://arxiv.org/abs/1711.03110


Prospects - LHCb

9

9

3

Upgrade I Upgrade II

HL-LHC
7 - 8 TeV 13 TeV 14 TeV

Upgrade I: CERN-LHCC-2012-007

• Higher Linst , no L0 trigger

Upgrade II: CERN-LHCC-2017-003

• Improvements (i.e. protons)?

Contingent on:

• Simulation, i.e. Re-decay

[EPJC 78, 1009 (2018)]

• Theory

• Backgrounds

arXiv:1808.08865

Relative σ on R(Λc) ∼ 4% (23 fb−1)
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[arXiv:1808.08865]

https://cds.cern.ch/record/1443882
https://cds.cern.ch/record/2244311/files/PII_EoI_final_v3.pdf
https://arxiv.org/abs/1810.10362
https://arxiv.org/abs/1808.08865


Prospects - LHCb

Hopefully won’t be measuring R(D(∗)) in 2040
Can LHCb measure angular observables?

• Not so promising resolution

• Large samples (but large bkg)

• Start with B → Dµν

• Unfolding?

Approximate γBz β
B
z ≈ γ

vis
z βvis

z - B → D∗µν, B → D∗τν, τ → µνν
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[arXiv:1808.08865]

https://arxiv.org/abs/1808.08865


Prospects - Belle II

Expected Lint ∼ 50 ab−1

[PRD 92, 072014 (2015)]

Expected relative σ:

R(D
∗

): Belle ≈ 6%, LHCb 23 fb
−1 ≈ 3%

R
5ab

−1

π = 0.64± 0.23

R
50ab

−1

π = 0.64± 0.09
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[arXiv:1808.10567]

https://arxiv.org/abs/1507.03233
https://arxiv.org/pdf/1808.10567.pdf


Summary

R(D)− R(D∗) tension! ∼ 3σ

Present:

• Belle and BaBar data sets mostly exploited

• Still much to come from LHCb

• Plus complementary modes

Future:

• Exciting prospects from Belle II

• Will likely lead precision on the ratios + R(π)

• Differential measurements

• LHCb will be important

• Competitive ratio precision

• Potentially angular measurements?

These are exciting times
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