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KIT – University of the State of Baden-Württemberg and National Laboratory of the Helmholtz Association www.kit.edu

http://www.kit.edu


Lepton Flavor Universality in the Standard Model

Leptons appear in the SM in the gauge and Yukawa sector.

Gauge sector

LGauge
SM ⊂ i

(
L̄i
Lγ

µDµLi
L + Ē i

Rγ
µDµE i

R

)

Gauge interactions are Lepton Flavor
Universal

Yukawa sector

LYukawaSM ⊂
(

Y E
ij L̄i

LE j
RH + h.c.

)

Yukawa sector non-universal because of
mass terms me 6= mµ 6= mτ and Higgs
interactions (negligible).

Testing the LFU in the Standard Model means
testing the universality of the gauge interaction.

Lepton Universality Violations in b → c Transitions - Markus Prim 9th August 2019 2/31



Lepton Flavor Universality Violation

b → s``

R(K (∗)) =
B(B → K(∗)µ+µ−)

B(B → K(∗)e+e−)
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b → c`ν

R(D(∗)) =
B(B → D(∗)τ ν)

B(B → D(∗)`ν)
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Lepton Flavor Universality Violation

b → s``

b s

`−

`+

W+ Z0/γ

neutral current (FCNC)

Loop process in SM

µµ vs. ee

b → c`ν

b c

ν

`+

W+

charged current

Tree level process in SM

τ vs. ` = e, µ

Today
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Belle’s latest R(D(∗)
)

arXiv:1904.08794
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https://arxiv.org/abs/1904.08794


The Belle Experiment

 

Belle recorded 711 fb−1 on the Υ(4S) resonance.
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B-Tagging at Belle

 

Inclusive Tag
ε = O(100)%
Consistency of Btag

?

Semileptonic Tag
ε = O(1)%
Knowledge of Btag

B
D

`
ν

Hadronic Tag
ε = O(0.1)%
Exact knowledge of Btag

B

P
urity

E
ffi

ci
en

cy
ε

Exclusive Tagging:
The Full Event Interpretation (FEI)

Keck, T., et al. Comput Softw Big Sci (2019)

Automatic reconstruction ofO(100) explicit
decay channels, leading toO(10000) distinct

decay chains.
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Tag-Side Reconstruction and Selection

Btag is reconstructed in D`ν and D∗`ν decay
chains (semileptonic tag).

Good tags identified by classifier output.

Veto for B → D∗τ (→ `νν)ν via

cos θ
B,D(∗)

`
=

2EbeamE
D(∗)

`
−m2

B −m2
D(∗)

`

2|~pB ||~pD(∗)
`
| .

Correctly reconstructed B candidates are found in
cos θ

B,D(∗)
`

= [−1, 1].

Mis-reconstructed B → D∗τ (→ `νν)ν decays
have larger negative values.

b c

ν

`+

W+
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Signal-Side Reconstruction and Selection

Only consider τ → `νν .

D(∗) selection via reconstructed invariant mass and vertex fit (for channels without π0).

D0 → B (%)

K−π+π0 14.4
K−π+π+π− 8.23
K−π+ 3.95
K0

Sπ
+π− 2.80

K0
Sπ

0 1.24
K0

SK+K− 4.42
K+K− 0.41
π+π− 0.15

Total 35.59

D+ → B (%)

K−π+π+ 9.38
K0

Sπ
+π0 7.36

K0
Sπ

+π+π− 6.25
K0

Sπ
+ 1.56

K−K+π+ 0.99
K0

SK+ 0.30

Total 25.84

D∗+ → B (%)

D0π+ 67.7
D+π0 30.7

Total 98.4

D∗0 → B (%)

D0π0 64.7

Total 64.7
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Signal Extraction
Signal extraction in a
2D plane:

EECL

Cout: BDT which
discriminates between
τ and ` mode. Input:
cos θ

B,D(∗)
`
, m2

miss,
Evisible
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Signal Extraction
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Systematics
Source ∆R(D) (%) ∆R(D∗) (%)

D∗∗ composition 0.76 1.41
Fake D(∗) calibration 0.19 0.11
WBtag calibration 0.07 0.05
Feed-down factors 1.69 0.44
Efficiency factors 1.93 4.12
Lepton efficiency and fake rate 0.36 0.33
Slow pion efficiency 0.08 0.08
MC statistics 4.39 2.25
B decay form factors 0.55 0.28
Luminosity 0.10 0.04
B(B → D(∗)`ν) 0.05 0.02
B(D) 0.35 0.13
B(D∗) 0.04 0.02
B(τ → `νν) 0.15 0.14

Total 5.21 4.94
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Results

R(D) = 0.307± 0.037± 0.016

R(D∗) = 0.283± 0.018± 0.014

SM agreement: 1.2σ.

First result forR(D) with semileptonic
tagging.

Most precise determination ofR(D)
andR(D∗) to date.
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A Glimpse into the Future

Belle II will pin down the flavor anomaly.
(Projection with old world average arXiv:1808.10567)
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https://arxiv.org/abs/1808.10567


Theory Perspective to R(D(∗)
)

Excerpt of arXiv:1904.09311
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https://arxiv.org/pdf/1904.09311.pdf


New World Average

Lepton Universality Violations in b → c Transitions - Markus Prim 9th August 2019 16/31



Effective Hamiltonian for b → c`ν Transitions

H =
4GF√

2
Vcb

[
(1 + CVL

)OVL
+ CVR

OVR
+ CSROSR

+ CSLOSL
+ CTOT

]
+ h.c.

with the Fermi operators Oi

OVL,R
=
(
cγµbL,R

) (
`LγµνL

)
, OSL,R

=
(
cbL,R

) (
`RνL

)
, OT = (cσµνbL)

(
`RσµννL

)

weighted by the Wilson coefficients Ci , with

CSM
VL

= CSMVR
= CSMSR = CSMSL = CSMT = 0

Assumptions:

No light right-handed neutrinos.

Possible NP contribution only in third generation of leptons.

CVR
are lepton-flavor universal.

CP-conserving limit, i.e. Wilson coefficients are real.
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New Physics Scenarios

NP models are usually include
combinations of NP operators:

W′ → CVL

H− → CSL , CSR , CT
φLQ → CVL

, CVR
, CT

Vµ
LQ → CVL

, CSR

b c

ν

`+

X
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New Physics Influence onR(D(∗))

(With old world average)
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New Physics Influence onR(D(∗))

dashed line parts
excluded by
B(B+

c → τ ν) < 10 %

caveat: acceptance
and efficiency effects
of NP not included in
these scans

(With old world average)
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Theory Perspective to R(D(∗)
)

with Right-Handed Neutrinos
Excerpt of JHEP 1902 (2019) 119

Lepton Universality Violations in b → c Transitions - Markus Prim 9th August 2019 21/31

https://arxiv.org/abs/1807.04753


Models and Their Influence
New contribution from b → cτNR .

EFT study of the lowest dimension
electroweak operators that can
account for the R(D(∗)) anomalies.

Models with tree-level mediator
exchange:

(With old world average.)
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Best-Fit Points
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Belle’s latest B→ D∗`ν
arXiv:1809.03290 accepted by PRD
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https://arxiv.org/abs/1809.03290


Motivation

What if NP not only in b → cτ ν
transitions?

Investigate NP in the normalization mode
of R(D(∗)) analysis: b → c`ν .

Angular observables are a powerful tool.

Nota Bene: Presented Analysis is focused
on Vcb extraction.
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Figure 2.3: [B → D∗ℓν decay geometry] Geometry of B → D∗ℓν decays.

The differential decay rate is given by

dΓ(B→D∗ℓν)
dwdcosθV dcosθℓdχ

=
3G2

F

4(4π)4
|Vcb|2mBm2

D∗
√

w2 − 1(1 − 2wr + r2)×

[(1 − cosθℓ)
2sin2θV |H+(w)|2

+(1 + cosθℓ)
2sin2θV |H−(w)|2

+4sin2θℓcos2θV |H0(w)|2

−4sinθℓ(1 − cosθℓ)sinθV cosθV cosχH+(w)H0(w)

+4sinθℓ(1 + cosθℓ)sinθV cosθV cosχH−(w)H0(w)

−2sin2θℓsin
2θV cos2χH+(w)H−(w)]

where Hi(w) are called the helicity form factors. These form factors are related to

another set of form factors, hV (w), hA1(w), hA2(w) and hA3(w), as follows.

Hi = −mB
R(1 − r2)(w + 1)

2
√

1 − 2wr + r2
hA1(w)H̃i(w) (2.19)

where H̃i(w) are given by

H̃±(w) =
√

1−2wr+r2

1−r

(
1 ∓

√
w−1
w+1

R1(w)
)

H̃0(w) = 1 + w−1
1−r

(1 − R2(w))
(2.20)
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Event Reconstruction

In comparison to R(D(∗)), no tag-side
reconstruction.

Btag-momentum reconstructed via ~pincl. =
∑pi

i .
⇒ ~pBsig

= −~pincl..
Signal-side only reconstructed in cleanest mode:
B0 → D∗−(→ D0(→ K+π−)π−)`ν

B ≈ 5%× 68%× 4% ≈ 0.14%
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Background Estimation

cos θB,D∗` =
2EbeamED∗`−m2

B−m2
D∗`

2|~pB ||~pD∗` |

∆M = mD∗ −mD

p`
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Differential Distributions
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Figure 2.3: [B → D∗ℓν decay geometry] Geometry of B → D∗ℓν decays.
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Results

VCLN
cb = (38.4± 0.2± 0.6± 0.6)× 10−3

VBGL
cb = (38.3± 0.3± 0.7± 0.6)× 10−3
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CKM Unitarity
Vcb Exclusive

Vcb Inclusive
B D *  (1809.03290)

Tension on Vcb between inclusive and
exclusive determination is back.

B(B0 → D∗−e+ν)

B(B0 → D∗−µ+ν)
= 1.01± 0.01± 0.03 .

Systematic uncertainty dominated by
lepton identification.

Most stringent test of LFU in B decays
to date.
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Summary
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Summary

Two new important results on LFU: τ vs. ` and e vs. µ in b → c`ν transitions.

Tension on R(D(∗)) reduced with new measurement.

Belle’s new analyses (will) have an important impact on the current (global) fits on LFU.

Belle II will give a final answer on the R(D(∗)) anomaly.

There is an interplay between flavor anomalies and neutrino physics.
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