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The |Vub| puzzle
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Why is |Vub| important?

|Vub| is orthogonal to γ in constraining the UT.

An inconsistency between |Vub| and β could signal new physics.
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[F. Bernlochner,Z. Ligeti,ST,arXiv:1408.2516],

see also [Crivellin et. al., arXiv:0907.2461]

[Buras. et. al., arXiv:1007.1993]

Current bounds weak

Strong correlation

Vub � ✏R
Can we derive an
“orthogonal” bound?

Angular decay information

Use Semileptonic decays

) B ! V [! PP]`⌫̄`

Some Disagreement with Recent Literature

The experimental |Vub| measurements do not need to be corrected
for the ⇢ lineshape, as initially suggested in [arXiv:1312.1193]

No simple 1� ✏R dependence due to finite q2 interval as in
[arXiv:1407.1320] (Do not simply use |Vub| extracted assuming SM!)

Sascha Turczyk New ways to search for right-handed current in B ! ⇢`⌫̄ decay 9 / 35

Could a right handed current explain the |Vub| puzzle?
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What makes |Vub| possible at LHCb.

Less final state protons + excellent proton PID (Λb→ pµ−νµ).

Use of the corrected mass and its associated uncertainty..

Effective control of q2 uncertainty.

Ability to effectively isolate our signal.

Existing measurement for B(Λc → pKπ).
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Analysis strategy

The strategy is to normalise Λb→ pµν to Λb→ Λc(→ pKπ)µν in the
high q2 region.

B(Λb→ pµ−νµ)q2>15 GeV2/c4

B(Λb→ Λcµν)q2>7 GeV2/c4
=

N(Λb→ pµ−νµ)q2>15 GeV2/c4

N(Λb→ (Λc→ pK−π+)µν)q2>7 GeV2/c4

×
ε(Λb→ (Λc→ pK−π+)µν)q2>7 GeV2/c4

ε(Λb→ pµ−νµ)q2>15 GeV2/c4

× B(Λc→ pK−π+)

Rexp =Rtheory
|Vub|2

|Vcb|2

Yields N fitted using corrected mass.

Relative efficiency obtained from simulation.
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Theory ratio

Use the latest Lattice results for these decays to calculate:

Rtheory =

∫ qmax

15 GeV2/c4

dΓ(Λb→pµ−νµ)

dq2 /|Vub|2dq2∫ q′max

7 GeV2/c4

dΓ(Λb→Λcµ−νµ)

dq2 /|Vcb|2dq2
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Datasets and preselection

2012 dataset, 2fb−1 for Λb→ pµ−νµ and 1fb−1 for Λb→ Λcµ
−νµ.

Stripping S20r0p2 StrippingLb2pMuNuVub Module

Tight Proton PID and momentum cuts (DLL(p − K ) > 10 &
DLL(p − π) > 10 & P > 15000 MeV/c).

Trigger decisions: L0Muon & (Hlt2SingleMuon || Hlt2TopoMu2Body)
+ TOS on these.

∼16 MC samples (filtered + unfiltered for signal and normalisation)
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Selection

Isolation BDT removes backgrounds with additional charged tracks
that could vertex with pµ candidate.

Applied also to normalisation channel (ignoring kaon and pion).

Fit the corrected mass: Mcorr =
√
p2
T + M2

pµ + pT

Determine the corrected mass uncertainty, σMcorr .

Cut at σMcorr < 100MeV/c2. Link
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q2 Selection

Reconstruct neutrino and hence q2 up to a 2-fold ambiguity.

Cut on both solutions > q2
cut to minimise inwards migration.
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Normalisation fit

Fit pKπµ corrected mass to determine N(Λb→ Λc(→ pKπ)µν).
Non-Λc background shape and size obtained from pKπ fit.
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Data Driven Constraints

Reconstruct a number of modes: Λb → (D0 → Kπ)pµ−νµ,
Λb→ (Λc → pK+π−)µ−νµ and Λb→ (Λc → pK 0)µ−νµ.
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Signal fit Model (26 parameters)

N(Λb→ pµ−νµ)

Λb→ pµ−νµ:

Λb→ N∗µ−νµ:
RN(1440)

RN(1520)

RN(1535

RN(1720)

K/π → p Miss ID:

NMID

Combinatorial:
Ncomb

Λb → D0pµ−νµ:

N(Λb → D0pµ−νµ)

Λb→ Λcµ
−νµ, pX neutrals:

N(Λb→ (Λc → pK 0)µ−νµ),
RpK0π0 , RpK0η , PpK0π0 , PpK0η

Rpπ0 , Rpη, Rpη′

R∆+π0 , R∆+η, R∆+η′

Λb→ Λcµ
−νµ, pX charged:

N(Λb→ (Λc → pK+π−)µ−νµ),
RpK0π+π− , RpK−π+π0 , RpK∗−π+

RpK−π+π0π0 , Rpπ−π+ , Rother

Λb→ Λ∗cµ
−νµ:

R(Λ∗c)
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Signal fit

Measure a signal yield of N(Λb→ pµ−νµ) = 17687± 733

First observation of Λb→ pµ−νµ decays.
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Relative efficiency

Relative efficiency obtained from simulation.

Main difference due to pion and kaon reconstruction for Λc .

Source Relative efficiency & Slide

DecProdCut 0.645
Stripping & Trigger 8.71
mcorr error 0.228 31

Truth matching 1.04± 0.001
Isolation 1.049± 0.014 32
PID 1.173± 0.002 33
Tracking corr 0.995± 0.03 34
Trigger corr 1.032± 0.032 35
Λb production 1.073± 0.005 36
Λc decay model 0.998± 0.03 37
Λb lifetime 1.042± 0.015 38
q2 migration 0.95± 0.004 39
Form factor corr 0.985± 0.01 40

Total 1.76± 0.10
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Systematic uncertainties

Source Relative uncertainty (%) Slide

B(Λc → pKπ) +4.7
−5.3 arXiv:1312.7826

Trigger ±3.2 35
Tracking ±3.0 34
Λc decay model 3.0% 37
N∗+ form factors 2.2% 41
Λc & Λb lifetimes 1.5% 38
Isolation 1.4% 32
Form factor 1.0% 40
N∗+ widths 0.7% 42
Λb production 0.5% 36
q2 migration 0.4% 39
PID 0.2% 33
Truth matching 0.1%

LHCb Approval William Sutcliffe Vub from Λb → pµν
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Measurement of the ratio of branching fractions

B(Λb→ pµ−νµ)q2>15GeV2/c4

B(Λb→ Λcµν)q2>7GeV2/c4

=
N(Λb→ pµ−νµ)q2>15GeV2/c4

N(Λb→ (Λc→ pK−π+)µν)q2>7GeV2/c4

× ε(Λb→ pµ−νµ)

ε(Λb→ Λcµ−νµ)
B(Λc→ pK−π+)

=(1.00± 0.04(stat)± 0.08(syst))× 10−2

Result Value Slide

N(Λb→ pµ−νµ) 17687± 733(stat)± 408(syst) 13
N(Λb→ Λcµ

−νµ) 68510± 1142(stat) 4
ε(Λb→ pµ−νµ)/ε(Λb→ Λcµ

−νµ) 1.76± 0.10(syst) 15
B(Λc → pKπ) 0.0684+4.7

−5.3(syst) arXiv:1312.7826

LHCb Approval William Sutcliffe Vub from Λb → pµν
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Measurement of B(Λb→ pµ−νµ)

Use theory to extrapolate to a full branching fraction for Λb→ pµ−νµ.

B(Λb→ pµ−νµ) = τΛb
|Vcb|2Ftheory

B(Λb→ pµ−νµ)q2>15GeV2/c4

B(Λb→ Λcµ−νµ)q2>7GeV2/c4

BF Extrapolation Factor
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0

100

200

300

400

500 Entries  10000
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RMS      1.71

2.7±1.76
1.44±BF Ex. Factor = 16.856
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Mean       20

RMS      2.51

2.31
2.41±HO BF Ex. Factor = 19.56

B(Λb→ pµ−νµ) = (3.92±0.81
0.85)× 10−4

Constraint on Λb→ pµ−νµ as a background for the decay Bs→ µµ.
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Measurement of |Vub|

|Vub|2 = |Vcb|2(Rexp/Rtheory)

|ub|V
0.0025 0.003 0.0035 0.004 0.0045 0.005

Inclusive

Exclusive

νµLHCb p ?
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Measurement of |Vub|

|Vub| = (3.27±0.07(stat)±0.13(syst)±0.15(theory)±0.06(|Vcb|))×10−3

|ub|V
0.0025 0.003 0.0035 0.004 0.0045 0.005

Inclusive

Exclusive

νµLHCb p
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Implications

6.7% uncertainty on |Vub| (8.8% current exclusive average).

Value obtained is 3.7σ below the inclusive average.

Can check the consistency of our |Vub|/|Vcb| with β = 22.5±0.8
0.7.

Our results appear to disfavour a right handed current.
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Conclusion

We measure the ratio of branching fractions of Λb→ pµ−νµ and
Λb→ Λcµ

−νµ at high q2.

First observation of Λb→ pµ−νµ.

Provide a constraint on B(Λb→ pµ−νµ) for Bs → µµ analyses.

From this we determine: |Vub| =
(3.27± 0.07(stat)± 0.13(syst)± 0.15(theory)± 0.06(|Vcb|))× 10−3

Our measurement is 3.7σ below the inclusive measurement reinforcing
the |Vub| puzzle.

Interesting prospects for exploring the implications on the UT and
right handed currents.
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Form Factor Definitions
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Form Factor Parametrisation
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Differential Branching Fraction and Theory Systematics

LHCb Approval William Sutcliffe Vub from Λb → pµν
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Branching Fraction Extrapolation Factor

B(Λb→ pµ−νµ) =τΛb

B(Λb→ pµ−νµ)q2>15GeV2/c4

B(Λb→ Λcµ−νµ)q2>7GeV2/c4

|Vcb|2Ftheory

=τLbBratio |Vcb|2
∫ q′max

7GeV2/c4

dΓ(Λb→ Λcµ
−νµ)

dq2
/|Vcb|2dq2

(1)∫ qmax

0GeV2/c4
dΓ(Λb→pµ−νµ)

dq2 /|Vub|2dq2∫ qmax

15GeV2/c4
dΓ(Λb→pµ−νµ)

dq2 /|Vub|2dq2
(2)
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MC Samples

Decay Stats B Decay Model

Λb → Λ+
c µ
−ν, Λ+

c → pX Neutral 3m filt EvtLb2Baryonlnu
Λb → Λ+

c µ
−ν, Λ+

c → pX Charged 3m filt EvtLb2Baryonlnu
Λb → Λ+

c µ
−ν, Λ+

c → pKπ Normalisation 0.6m filt EvtLb2Baryonlnu
Λb → Λ+

c τ
−ν, Λ+

c → pKπ Normalisation 0.05m filt EvtLb2Baryonlnu
Λb → Λcπ

+π−µ−ν, Λ+
c → pX 0.15m filt EvtPHSP

Λb → Λcπ
0π0µ−ν, Λ+

c → pX 0.15m filt EvtPHSP
Λb → Λcπ

0µ−ν, Λ+
c → pX 0.15m filt EvtPHSP

Λb → Λc(2625)µ−ν, Λ+
c → pX 0.6m filt EvtLb2Baryonlnu

Λb → Λc(2595)µ−ν, Λ+
c → pX 0.3m filt EvtLb2Baryonlnu

Λb → Λc(2625)µ−ν, Λ+
c → pKπ 0.1m filt EvtLb2Baryonlnu

Λb → Λc(2595)µ−ν, Λ+
c → pKπ 0.1m filt EvtLb2Baryonlnu

Λb → D0pµ−ν 0.6m filt EvtPHSP
Λb → pµ−ν 0.6m filt EvtLb2plnuLQCD
Λb → N∗+µ−ν, N∗+ → pX 0.5m filt EvtLb2Baryonlnu
Λb → pπ0µ−ν 1m filt EvtLb2Baryonlnu
Λb → pµ−ν 5m EvtLb2plnuLCSR
Λb → pµ−ν 1m EvtLb2plnuLQCD
Λb → Λ+

c µ
−ν, Λ+

c → pKπ Normalisation 10m EvtBaryonPCR
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Signal Selection

Proton cuts cuts Mother/Comb cuts

P > 15000 MeV P > 3000 MeV cosθΛb(pµ) > 0.9994
pT > 1000MeV/c pT > 1500MeV/c Mpµ > 1000MeV/c
Track χ2 < 6.0 Track χ2 < 4.0 Vertex χ2 < 4.0
Min IP χ2 > 16.0 Min IP χ2 > 16.0 FD χ2> 150.0
∆LL(p − K ) > 10 isMuon = true pT > 1500MeV
∆LL(p − π) > 10 Ghost Prob. < 0.35
Ghost Prob. < 0.35
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Normalisation Selection

Kaon cuts Pion cuts Mother/Comb cuts

P > 2000 MeV P > 2000 MeV cosθΛbΛc > 0.9
pT > 300MeV/c pT > 300MeV/c cosθΛb(Λcµ) > 0.99
Min IP χ2 > 9.0 Min IP χ2 > 9.0 pKπ Vertex χ2 < 6
∆LL(K − π) > 0 ∆LL(π − K ) > 0 Λcµ Vertex χ2 < 6
Ghost Prob. < 0.35 Ghost Prob. < 0.35 2650 < MpKπ < 3050MeV
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Corrected Mass Error

σMcorr =

(
pT√

M2
pµ + p2

T

+ 1

)
σpT (3)

p2
T =

(
px − (x − x ′)

(px(x − x ′) + py (y − y ′) + pz(z − z ′))

((x − x ′)2 + (y − y ′)2 + (z − z ′)2)

)2

+(
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(px(x − x ′) + py (y − y ′) + pz(z − z ′))

((x − x ′)2 + (y − y ′)2 + (z − z ′)2)

)2

+(
pz − (z − z ′)

(px(x − x ′) + py (y − y ′) + pz(z − z ′))

((x − x ′)2 + (y − y ′)2 + (z − z ′)2)

)2

σ2
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x

(
∂pT
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)2

+ σ2
y

(
∂pT
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+ σ2
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(
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+ 2cov(x , y)
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Miss ID Approach

n(P, η,TM)i+1
π =

N(P, η,TM)π −M(P, η,TM)K→πn(P, η,TM)iK
ε(P, η,TM)π

(4)

n(P, η,TM)i+1
K =

N(P, η,TM)K −M(P, η,TM)π→Kn(P, η,TM)iπ
ε(P, η,TM)K

(5)

Pions

DLL(π − K)> 0

& DLL(π − p)> −5

n(p, η)0
π

Kaons

DLL(K − π)> 0

& DLL(K − p)> −5

n(p, η)0
K

C(π → K)0

C(K → π)0

Pions

DLL(π − K)> 0

& DLL(π − p)> −5

n(p, η)Nπ

Kaons

DLL(K − π)> 0

& DLL(K − p)> −5

n(p, η)NKCandidates

DLL(p − K)> 10

& DLL(p − π)> 10
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Corrected Mass Error Efficiency

(14, 15)

Good agreement in MC between Λb→ pµ−νµ and B+→ J/ψK+.

Derive correction to relative efficiency using Data vs MC for
B+→ J/ψK+.

)2Corrected mass error (MeV/c
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Isolation Efficiency

(14, 15)

Relative efficiency almost unity in simulation.

Reweight simulation BDT Isolation to that of normalisation in data to
evaluate a systematic.

Isolation response
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PID efficiency

(14, 15)

PID callib, Λb→ Λcµ
−νµ sample

Main difference in relative efficiency is due to the extra K and π.
100 variations of PID histograms used for evaluating a systematic
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Tracking efficiency

(14, 15)

Reweight according to track multiplicity and efficiency maps from J/ψ
tag and probe.

1.5% systematic for kaon and pion to account for material
interactions.

)c (GeV/p
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Trigger efficiency

(14, 15)

TISTOS method applied using B+→ J/ψK+ in pT and Mcorr .
Reweight according to this for a number of variations of the
correction histograms to obtain systematic.
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Λb Production

(14, 15)

Use Λb → J/ψpK in data to reweight simulation.

Large effect due to tight proton P cut.
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Λc Dalitz distribution

(14, 15)

Reweight simulation dalitz distribution to data.

For systematic compare with a square dalitz parametrisation.

)4/c2 (GeV2
πpm

1.5 2 2.5 3

)4
/c2

 (
G

eV
2 pK

m

2

2.5

3

3.5

4

4.5

0

10

20

30

40

50MC

)4/c2 (GeV2
πpm

1.5 2 2.5 3

)4
/c2

 (
G

eV
2 pK

m

2

2.5

3

3.5

4

4.5

0

10

20

30

40

50

60
Data

LHCb Approval William Sutcliffe Vub from Λb → pµν



10. Backup Slides 38/21

Λb Lifetime

(14, 15)

Reweight simulation for latest Λb lifetime.

 lifetime weight
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q2 Migration

(14, 15)

Correct for unphysical solutions and by (1−migin)/(1−migout).

Migration in (%)
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Form factors

(14, 15)

Reweight by EvtGen probabilities to 100 variations of the form factors.

Look at effect on the trigger, stripping and DecProdCut efficiencies.

form factor correction
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N∗ factors

(14, 15)
Generate large scale variations of the form factors.

Run toy fits with datasets generated with FF reweighted corrected mass shapes for
N∗ states.

Fit with nominal fit model.

Difference in spreads in quadrature over signal yield is taken as a systematic.
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N∗ widths

(14, 15)

A factor 2π too narrow in simulations (bug).
Use Λb → pπ0µν MC to derive a correction based on reweighting the
pπ0 mass to different Breit Wigner shapes.
Use toy fits to quantify the systematic on the signal yield associated
with such corrections.
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