
;

Lepton flavour universality tests in B decays

C. Langenbruch1

on behalf of the LHCb collaboration

1RWTH Aachen, Germany

Moriond Electroweak 2018

March 10th − 17th, 2018



2 / 20

Lepton Flavour Universality in the SM

� Lepton Flavour Universality: In the Standard Model (SM), the couplings of
the charged leptons to the gauge bosons are equal (ge = gµ = gτ )

� Differences in branching fractions only due to lepton mass differences

� Well established in Z → ``, τ → `νν, J/ψ → ``, π → `ν, K → π`ν
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W Leptonic Branching Ratios

ALEPH 10.78 ±  0.29
DELPHI 10.55 ±  0.34
L3 10.78 ±  0.32
OPAL 10.71 ±  0.27

LEP W→eν 10.71 ±  0.16

ALEPH 10.87 ±  0.26
DELPHI 10.65 ±  0.27
L3 10.03 ±  0.31
OPAL 10.78 ±  0.26

LEP W→µν 10.63 ±  0.15

ALEPH 11.25 ±  0.38
DELPHI 11.46 ±  0.43
L3 11.89 ±  0.45
OPAL 11.14 ±  0.31

LEP W→τν 11.38 ±  0.21

LEP W→lν 10.86 ±  0.09
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� Tension in W → `ν: 2B(W→τν̄τ )
B(W→eν̄e)+B(W→µν̄µ) = 1.066± 0.025 (2.6σ)

(Nb. strong constraints from Γ(τ → µνν)/Γ(µ→ eνν))

� Large number of BSM models with non-universal couplings to third
generation quarks and leptons (Charged Higgs, Leptoquarks, . . . ).

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests

https://arxiv.org/abs/1302.3415
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Lepton Flavour Universality in heavy flavour decays

� Lepton universality tests in tree-level decays, e.g. RD(∗) = B(B→D(∗)τν)
B(B→D(∗)µν)

� Abundant b→ c`ν
semilept. decay

� Well known in the SM

� Possible NP coupling
mainly to 3rd family

b c

ν̄`

`−

b c

ν̄`

`−

LQ

� Lepton universality tests in rare (loop-level) decays, RK(∗) = B(B→K(∗)µµ)
B(B→K(∗)ee)

� b→ s`` FCNC

� Forbidden at
tree-level in SM

� Sensitive to NP
contributions in loops

b s

`−

`+

t

W

b `−

`+

s

LQ

� Usually: Determine ratios of branching fractions
� Experimentally clean: cancellation of many systematic uncertainties
� Theoretically clean: cancellation of QCD effects

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests
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The LHCb experiment: Optimized for heavy flavour

Tracking: Velo, TT, IT+OT

PID: RICH1, RICH2, Muon

Calo: ECAL, HCALRun 1: 3 fb−1, 2015-2017: 3.8 fb−1

� Large σbb̄: (284± 53)µb at 7 TeV and (495± 52)µb at 13 TeV [PLB 694 (2010) 209-216]
[JHEP 10 (2015) 172]

� Excellent IP resolution ∼ 20µm to identify B decay vertices, ∆p/p = 0.5− 1%

� Particle identification: εK→K ∼ 95%, επ→K ∼ 5% and εµ→µ ∼ 97%, επ→µ ∼ 1− 3%

� Low trigger thresholds: pT(µ) > 1.8 GeV, ET(e) > 3.0 GeV

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests

https://arxiv.org/abs/1009.2731
https://arxiv.org/abs/1509.00771
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The LHCb experiment: Optimized for heavy flavour

Tracking: Velo, TT, IT+OT

PID: RICH1, RICH2, Muon

Calo: ECAL, HCALRun 1: 3 fb−1, 2015-2017: 3.8 fb−1

Heavy flavour signature

PV

SVL ∼ 7 mm
B0

IP

µ+
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π−

K+

p p

� Large σbb̄: (284± 53)µb at 7 TeV and (495± 52)µb at 13 TeV [PLB 694 (2010) 209-216]
[JHEP 10 (2015) 172]

� Excellent IP resolution ∼ 20µm to identify B decay vertices, ∆p/p = 0.5− 1%

� Particle identification: εK→K ∼ 95%, επ→K ∼ 5% and εµ→µ ∼ 97%, επ→µ ∼ 1− 3%

� Low trigger thresholds: pT(µ) > 1.8 GeV, ET(e) > 3.0 GeV
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Lepton universality in semileptonic decays: RD∗

d̄ d̄

B̄0 D∗+

b c

ν̄τ

τ−

d̄ d̄

B̄0 D∗+

b c

ν̄µ

µ−

decay mode B[%] [PDG2017]

τ− → µ−ν̄µντ 17.39± 0.04

τ− → π+π−π−ντ 9.31± 0.05
τ− → π+π−π−π0ντ 4.62± 0.05

� RD∗ = B(B0→D∗+τ−ν̄τ )

B(B0→D∗+µ−ν̄µ)

SM
= 0.252± 0.003 [PRD 85 (2012) 094025]

� Clean prediction as hadronic uncertainties cancel
Below unity in the SM due to lepton mass difference

� LHCb performed two analyses with different τ decay modes
1 Leptonic τ− → µ−ν̄µντ decay [PRL 115 (2015) 111803]

2 Hadronic τ− → π+π−π−(π0)ντ decays [arXiv:1708.08856]

� Similar experimental challenges
� Final state neutrinos
� Large backgrounds from partially reconstructed

and misidentified decays

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests

pdg.lbl.gov
https://arxiv.org/abs/1203.2654
https://arxiv.org/abs/1506.08614
https://arxiv.org/abs/1708.08856
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Reconstructing B0 → D∗+τ−(→ µ−ν̄µντ)ν̄τ

� No analytic solution for B momentum due to missing neutrinos

� Exploit vertexing to determine B flight direction: ~p(B)
|~p(B)| =

~SV− ~PV

| ~SV− ~PV |

� Approximate (pB)z = mB
mreco

(preco)z to determine pB with ∼ 18% resolution

� Use m2
miss = (pB − pD∗ − p`)2, q2 = (pB − PD∗)2 and E∗µ to separate

B0 → D∗+τ−ν̄τ signal from B0 → D∗+µ−ν̄µ normalisation

B0 → D∗+τ−ν̄τ signal B0 → D∗+µ−ν̄µ normalisation

m2
miss > 0 m2

miss = 0
E∗µ spectrum soft E∗µ spectrum hard

m2
τ ≤ q2 ≤ 10.6 GeV2 0 <∼ q2 ≤ 10.6 GeV2

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests
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RD∗ with τ− → µ−ν̄µντ

� Perform 3D binned template fit in m2
miss, E

∗
µ and q2

� Background and signal shapes extracted from
control samples, simulations validated against data
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[PRL 115 (2015) 111803]
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� RD∗ = 0.336± 0.027± 0.030 [PRL 115 (2015) 111803],
compatible with the SM at 2.1σ

� Dominant systematic uncertainty: Size of simulated samples

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests

https://arxiv.org/abs/1506.08614
https://arxiv.org/abs/1506.08614
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RD∗ with τ− → π+π−π−(π0)ντ

B0 →D*−τ +ντ

π −

π +

π +

ντ

D0

B0

π −

p

PV

p

B0 →D*−τ +ντ
π −K +

τ +

Δz > 4σ Δz

ντ

Signal

B0 →D*−τ +ντ

π − K +

π −

π −
π +

π +

D0

B0

π 0...

PV

pp

B0 →D*−π +π −π +X

Background

� Normalize to well known decay B0 → D∗−3π with same final state:

RD∗ = κ× B(B0→D∗−3π)
B(B0→D∗−) with κ = B(B0→D∗−τ+(→3π(π0)ν̄τ )ντ )

B(B0→D∗−3π)

→ many systematic uncertainties cancel

� Main background from hadronic B → D∗3πX
decays suppressed by exploiting τ lifetime
(no bkg. from B0 → D∗−µ+νµ)

� BDT to suppress B → DD(s)X background
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[arXiv:1708.08856]

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests

https://arxiv.org/abs/1708.08856
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RD∗ results with hadronic τ decay
� 3D binned template fit to q2,
τ -lifetime and BDT output

� Templates from simulation,
validated using control samples
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� RD∗ = 0.286± 0.019︸ ︷︷ ︸
stat.

± 0.025︸ ︷︷ ︸
syst.

± 0.021︸ ︷︷ ︸
ext.

[arXiv:1708.08856] 1σ above SM

� External inputs [PRD 87 (2013) 092001]
[arXiv:1612.07233]

B(B0 → D∗−3π) = (7.23± 0.51)× 10−3

B(B0 → D∗−µ+νµ) = (4.88± 0.10)× 10−2

� Dominant systematic uncertainty:
Size of simulated samples
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https://arxiv.org/abs/1708.08856
https://arxiv.org/abs/1708.08856
https://arxiv.org/abs/1303.6861
http://www.slac.stanford.edu/xorg/hflav/
https://arxiv.org/abs/1708.08856


Lepton universality in semileptonic decays 11 / 20

RD(∗) combination

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 contours2χ∆

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

� Combine LHCb RD∗ measurements with B-factory results
� All measurements are above SM predictions
� Deviation of RD/RD∗ combination corresponding to ∼ 4.1σ
� Recent theory input reduces tension [JHEP 11 (2017) 061]

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests

https://arxiv.org/abs/1707.09509
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RJ/ψ : Lepton universality test with Bc decays

B+
c → J/ψτ+ντ B+

c → J/ψµ+νµ

� Most recent: RJ/ψ = B(B+
c →J/ψτ+ντ )

B(B+
c →J/ψµ+νµ)

with τ+ → µ+νµν̄τ
[arXiv:1711.05623]

� Prediction RSM
J/ψ ∈ [0.25, 0.28], uncertainty due to form factors

� Large spread of form factor parameters
[PLB 452 (1999) 129-136] [arXiv:hep-ph/0211021] [PRD 73 (2006) 054024] [PRD 74 (2006) 074008]

� Parameters fit on data sample enriched with normalisation decays

� Similar approximations as for RD∗ to determine Bc momentum

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests

https://arxiv.org/abs/1711.05623
https://arxiv.org/abs/hep-ph/9812514
https://arxiv.org/abs/hep-ph/0211021
https://arxiv.org/abs/hep-ph/0602050
https://arxiv.org/abs/hep-ph/0607150
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RJ/ψ results
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[arXiv:1711.05623]

� 3D template binned fit in
m2

miss, τ(B+
c ), Z = (E∗µ, q

2)

� Shapes derived from control samples
or simulation validated on data

� Main background is b→ J/ψ + mis-ID hadron

� First evidence for the decay B+
c → J/ψτ+ντ (3σ)

� RJ/ψ = 0.71± 0.17± 0.18 around 2σ above SM [arXiv:1711.05623]

� Dominant systematics: B+
c → J/ψ form factors, limited MC size

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests
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Lepton Universality tests in rare decays
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� RK∗ = B(B0→K∗0µ+µ−)
B(B0→K∗0e+e−) extremely clean test of the SM:

RSM
K∗ = 1±O(10−3) (neglecting m`), QED effects O(10−2) [EPJC 76 (2016) 8,440]

� Hadronic uncertainties (form factors etc.) cancel in the ratio

� Strategy: Use double ratio with resonant mode B0 → K∗0J/ψ (→ `+`−)

RK∗ = B(B→K∗0µ+µ−)
B(B→K∗0J/ψ (→µ+µ−))

/
B(B→K∗0e+e−)

B(B→K∗0J/ψ (→e+e−))

cancels systematic effects

� Use normalisation mode to correct simulation, determine signal shape and as

important crosscheck: rJ/ψ = B(B0→J/ψ (→µ+µ−)K∗0)
B(B0→J/ψ (→e+e−)K∗0) compatible with unity

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests

https://arxiv.org/abs/1605.07633
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RK∗: Experimental challenges
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ψ(2S)K∗0

J/ψK∗0

ψ(2S)K∗0

J/ψK∗0

radiative tails radiative tails

part. reco part. reco

� Experimental challenges for electrons

1 Low trigger efficiency (pT thresholds 3.0 GeV for e± vs. 1.8 GeV for µ±)
2 Bremsstrahlung: Brem-γ recovery has limited efficiency and resolution

� Partially reconstructed backgrounds, e.g. B+→ K+π+π−`+`−

� Determine RK∗ in two regions of q2:
Low q2: q2 ∈ [0.045, 1.1] GeV2 Central q2: q2 ∈ [1.1, 6.0] GeV2
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Yields
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[JHEP 08 (2017) 055]

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests

https://arxiv.org/abs/1705.05802


Lepton universality in rare decays 17 / 20

RK∗ Results
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[JHEP 08 (2017) 055]

BIP [EPJC 76 (2016) 440]
CDHMV [JHEP 04 (2017) 016]
EOS [PRD 95 (2017) 035029]
flav.io [EPJC 77 (2017) 377]
JC [PRD 93 (2016) 014028]

Babar [PRD 86 (2012) 032012]
Belle [PRL 103 (2009) 171801]

� Numerical result and compatibility with SM prediction(s):

RK∗(0.045 < q2 < 1.1 GeV2) = 0.66+0.11
−0.07 ± 0.03 2.1-2.3σ at low q2

RK∗(1.1 < q2 < 6.0 GeV2) = 0.69+0.11
−0.07 ± 0.05 2.4-2.5σ at central q2

� Compatible with Babar and Belle with smaller uncertainties

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests
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RK Results
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Babar [PRD 86 (2012) 032012]

Belle [PRL 103 (2009) 171801]

LHCb [PRL 113 (2014) 151601]

� LHCb determines RK = B(B+→K+µ+µ−)
B(B+→K+e+e−) in central q2 region [1, 6] GeV2:

RK = 0.745+0.090
−0.074(stat.)± 0.036(syst.),

� Compatible with SM at 2.6σ
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Combination of LFU observables
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� Combine LFU observables in effective theory framework to determine Wilson
coefficients (here: eff. Vector- and axialvector coupling C9 and C10)

� Combination of RK∗ , RK and [arXiv:1612.05014] shows tension with SM
prediction at ∼ 4σ [PRD 96 (2017) 055008]

� Addition of b→ sµµ B and angular obs. further increases significance
(Details in pesentation by F. Dettori)

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests

https://arxiv.org/abs/1704.05435
https://arxiv.org/abs/1704.05340
https://arxiv.org/abs/1612.05014
https://arxiv.org/abs/1704.05435


Conclusions 20 / 20

Conclusions and Outlook

� Tests of LFU show interesting discrepancies with the clean SM prediction

� b→ cτν tree-level decays:

� RD(∗) above prediction
� Combined significance (LHCb+B-factories) ∼ 4σ

� b→ s`` loop-level decays:

� RK(∗) below predictions
� Combined significance ∼ 4σ
� Compatible with b→ sµµ anomalies in B and angular observables

� LHCb has already collected an
additional 3.8 fb−1 of data in Run 2

� Look forward to LHCb Run 2 updates
and additional decay modes

� Measurements of LFV decays also ongoing

� Please stay tuned!

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests
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RD∗ results

� RD∗ world average
RD∗ = 0.304± 0.013± 0.007

� Impact of LHCb RD∗ hadronic on
world average:

� RD∗ : 3.3σ → 3.5σ
� Adding RD: 4.0σ → 4.1σ

� LHCb-only RD∗ average:
RD∗ = 0.309± 0.016± 0.024
2σ from SM prediction

R(D*)
0.2 0.3 0.4

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
 0.030± 0.027 ±0.336 

LHCb (hadronic tau)
 0.029± 0.019 ±0.285 

Average 
 0.007± 0.013 ±0.304 

S. Fajfer et al. (2012) 
 0.003±0.252 

HFLAV
FPCP 2017

/dof = 0.4/ 1 (CL = 52.00 %)2χ
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RD∗ semileptonic systematic uncertainties

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests
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RD∗ hadronic systematic uncertainties
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RJ/ψ systematic uncertainties
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RD results

R(D)
0.2 0.4 0.6

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 

FNAL/MILC (2015) 

 0.011±0.299 

HPQCD (2015) 

 0.008±0.300 

HFLAV
FPCP 2017

/dof = 0.4/ 1 (CL = 52.00 %)2χ

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests
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Trigger for electron final states

L0E: trigger fired on one of the
electrons

L0H: trigger fired on the final
state hadron(s)

L0I: trigger fired by other
particles in the event

� Calorimeter occupancy high:
→ Trigger thresholds for electron final states higher than for muons

muons electrons hadrons

pT threshold (Run 1) 1.5− 1.8 GeV 2.5− 3.0 GeV 3.5 GeV

� Combination of different triggers used to increase yields

� Using exclusive trigger categories: Different resolutions/purities

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests



Backup | R(K(∗)) 28 / 20

Further checks
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� Background subtracted, normalized to same area

� Good agreement between electrons/muons and data/simulation

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests

https://arxiv.org/abs/1705.05802


Backup | R(K(∗)) 29 / 20

Systematic uncertainties

∆RK∗0/RK∗0 [%]

low-q2 central-q2

Trigger category L0E L0H L0I L0E L0H L0I

Corrections to simulation 2.5 4.8 3.9 2.2 4.2 3.4

Trigger 0.1 1.2 0.1 0.2 0.8 0.2

PID 0.2 0.4 0.3 0.2 1.0 0.5

Kinematic selection 2.1 2.1 2.1 2.1 2.1 2.1

Residual background – – – 5.0 5.0 5.0

Mass fits 1.4 2.1 2.5 2.0 0.9 1.0

Bin migration 1.0 1.0 1.0 1.6 1.6 1.6

rJ/ψ ratio 1.6 1.4 1.7 0.7 2.1 0.7

Total 4.0 6.1 5.5 6.4 7.5 6.7

Bremsstrahlung tail
description

Residual bkgs. from
B0 → K∗0J/ψ(ee)
with h↔ e swap

� Many systematic effects cancel in the double-ratio

� Measurement statistically dominated (σstat ∼ 16%)

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests
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Likelihood Fit
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[arxiv:1705.05802]

low-q2 central-q2

RK∗0 0.66 + 0.11
− 0.07 ± 0.03 0.69 + 0.11

− 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]

� Good agreement between trigger categories

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests
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Electron reconstruction (RK)
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� Resolution degraded by energy loss from Bremsstrahlung
� Recovery of Bremsstrahlung not 100% efficient
� Recovery of Bremsstrahlung γ in ECAL has limited resolution

σE
E ∼ 1%⊗ 10%√

E( GeV)

� Contribution from partially reconstructed backgrounds
e.g. B0→ K∗0(→ K+π−)`+`− where π− is not reconstucted

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests
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Electron reconstruction (RK)

1

10

210

310

410

]2c) [MeV/−µ+µ+K(m
4800 5000 5200 5400 5600

]4 c/2
 [

G
eV

2 q

0

5

10

15

20

25

LHCb (a)

1

10

210

310

]2c) [MeV/−e+e+K(m
4800 5000 5200 5400 5600

]4 c/2
 [

G
eV

2 q

0

5

10

15

20

25

LHCb (b)

B+ → K+µ+µ− B+ → K+e+e−

ψ(2S)K+

J/ψK+

ψ(2S)K+

J/ψK+

radiative tails radiative tails

part. reco part. reco

[PRL 113, 151601 (2014)]

� Resolution degraded by energy loss from Bremsstrahlung
� Recovery of Bremsstrahlung not 100% efficient
� Recovery of Bremsstrahlung γ in ECAL has limited resolution

σE
E ∼ 1%⊗ 10%√

E( GeV)

� Contribution from partially reconstructed backgrounds
e.g. B0→ K∗0(→ K+π−)`+`− where π− is not reconstucted
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Bremsstrahlung in data and simulation
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Rare decays in effective field theory

b s

µ−

µ+

t

W

γ,Z0

Full theory

b s
Ci

µ−

µ+

Effective description

� Rare b decays a multi-scale problem: ΛNP � mW � mb > ΛQCD

� Model-independent description in effective field theory

Heff = −4GF√
2
VtbV

∗
ts

∑
i

Ci Oi

Effective coupling
“Wilson-coefficient”
short distance physics

Local operator
long distance physics

� Analogous to β-decay: Integrate out heavy degrees of freedom
→ point-interaction with Fermi-coupling
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Rare decays in effective field theory

d u

e−

ν̄e

W−

Full theory

d u
GF

e−

ν̄e

Effective description

� Rare b decays a multi-scale problem: ΛNP � mW � mb > ΛQCD

� Model-independent description in effective field theory

Heff = −4GF√
2
VtbV

∗
ts

∑
i

Ci Oi

Effective coupling
“Wilson-coefficient”
short distance physics

Local operator
long distance physics

� Analogous to β-decay: Integrate out heavy degrees of freedom
→ point-interaction with Fermi-coupling
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NP contributions and relevant effective couplings
� NP can contribute to different operators Oi depending on its type

Heff = −4GF√
2
VtbV

∗
ts

∑
i

Ci Oi

Wilson coefficient
(“effective coupling”)

Local operator

∆HNP =
c

Λ2
NP

Oi

Flavour-violating coupling

NP scale

� Relevant effective couplings for rare decays

b s

γ(∗)

b s

`+

`−

b s

`+

`−

Coupling Operator

Photon penguin C(′)
7

e
g2mb(s̄σµνPR(L)b)F

µν

EW penguin
C(′)

9
e2

g2 (s̄γµPL(R)b)(µ̄γ
µµ)

C(′)
10

e2

g2 (s̄γµPL(R)b)(µ̄γ
µγ5µ)

(Pseudo)scalar penguin
C(′)
S

e2

16π2mb(s̄PR(L)b)(µ̄µ)

C(′)
P

e2

16π2mb(s̄PR(L)b)(µ̄γ5µ)
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NP contributions and relevant effective couplings

� NP can contribute to different operators Oi depending on its type

Heff = −4GF√
2
VtbV

∗
ts

∑
i

Ci Oi

Wilson coefficient
(“effective coupling”)

Local operator

∆HNP =
c

Λ2
NP

Oi

Flavour-violating coupling

NP scale

� Relevant effective couplings for rare decays

b s

γ(∗)

b s

`+

`−

b s

`+

`−

Coupling b→ sγ B → µµ b→ s``

Photon penguin C(′)
7 3 3

EW penguin
C(′)

9 3

C(′)
10 3 3

(Pseudo)scalar penguin
C(′)
S 3

C(′)
P 3
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The complementarity of NP searches with rare decays

Exclusion limits for NP searches

Rare decays (∆F = 1)
HNP ∝ c

Λ2
NP

Direct searches

CKM-like
flavour violation

generic
flavour violation

c

ΛNP

Il
lu

st
ra

ti
o
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fo
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ow
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g

D
.

S
tr

a
u

b

� Direct searches limited by beam energy, ΛNP <
√
s

� Reach with rare decays up to ΛNP ∼ 100 TeV, depending on coupling
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Global fits without RK,K∗
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[EPJC 77 (2017) 377] Coeff. best fit 1σ pull

CNP
9 −1.21 [−1.41, −1.00] 5.2σ
C ′9 +0.19 [−0.01, +0.40] 0.9σ
CNP

10 +0.79 [+0.55, +1.05] 3.4σ
C ′10 −0.10 [−0.26, +0.07] 0.6σ

CNP
9 = CNP

10 −0.30 [−0.50, −0.08] 1.3σ
CNP

9 = −CNP
10 −0.67 [−0.83, −0.52] 4.8σ

C ′9 = C ′10 +0.06 [−0.18, +0.30] 0.3σ
C ′9 = −C ′10 +0.08 [−0.02, +0.18] 0.8σ

CNP
9 , CNP

10 (−1.15, +0.26) — 5.0σ
CNP

9 , C ′9 (−1.25, +0.59) — 5.3σ
CNP

9 , C ′10 (−1.34, −0.39) — 5.4σ
C ′9, C

NP
10 (+0.25, +0.83) — 3.2σ

C ′9, C
′
10 (+0.23, +0.04) — 0.5σ

CNP
10 , C

′
10 (+0.79, −0.05) — 3.0σ

� Global fit of the b→ sµ+µ− measurements incl. B and angular obs.
� Tensions can be reduced by shift in C9, significances ∼ 4-5σ
� Consistency between angular observables and branching fractions
� Many other global fits [arxiv:1704.05340] [JHEP 06 (2016) 092]

[NPB 909 (2016) 737] . . .
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Possible NP explanations

b µ−

µ+

s

LQ

Leptoquarks

b s

µ+

µ−

Z ′

New heavy bosons Z ′

Some refs.: [PRD 89 (2014) 095033] [PRL 114 (2015) 151801]
[arxiv:1503.06077] [PRD 91 (2015) 075006] [PRD 92 (2015)
015007] [JHEP11 (2015) 173] [PRD 93 (2016) 074003] [PLB
766 (2017) 77] [JHEP 03 (2017) 117] [arxiv:1704.06005]
[arxiv:1705.03447] [arxiv:1705.00915] . . .

Some refs.: [PRL 116 (2016) 141802] [JHEP 06 (2015) 072]
[arxiv:1704.05835] [EPJC 76 (2016) 67] [PLB 755 (2016) 270]
[PRD 90 (2014) 054014] [JHEP 05 (2015) 006] [JHEP 10
(2015) 184] [PRL 115 (2015) 181801] [PR 641 (2016) 1] [JHEP
11 (2016) 035] [JHEP 12 (2016) 027] [arxiv:1704.05849] . . .

� Many possible models on the market

� Most popular: Z ′ or Leptoquarks

� Can be tree- or loop-level [arxiv:1704.06005] [PRD 92 (2015) 055021]

� MSSM explanations of anomalies difficult [EPJC 75 (2015) 382]
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Z ′ models

q

q̄

µ+

µ−

Z ′

Direct production
b

s̄

b̄

s

Z ′

B0
s mixing

[EPJC 75 (2015) 382]

� Repr. SU(2)L singlet or SU(2)L triplet (Z ′ +W ′) [JHEP07 (2015) 142]
[Phys. Lett. B 760 (2016) 214]

� Masses typically heavy mZ′ ∼ O( TeV) but
on-shell light also possible 100 MeV < mZ′ < mb

[arxiv:1704.06188]
[arxiv:1705.03465]

� Other constraints:
� B0

s mixing gbsZ′/mZ′ . 0.01/2.5 TeV [EPJC 73 (2013) 2646]

� Direct searches Z ′→ µ+µ− [EPJC 75 (2015) 382]

mZ′ < 3.5 TeV: coupling to light q must be suppressed [EPJC 75 (2015) 382]
[arxiv:1704.09015]

� Neutrino trident production [PRL 113 (2014) 091801]
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Leptoquark models

b s

s̄ b̄

B0
s mixing

`
q

q

`

Direct production S G Topo. Ref.

0 (3̄, 1)1/3 loop [PRL 116 (2016) 141802]

0 (3̄, 3)1/3 tree [JHEP 06 (2015) 072]

1 (3̄, 2)7/6 loop [arxiv:1704.05835]

1 (3̄, 1)2/3 tree [EPJC 76 (2016) 67]

1 (3̄, 3)2/3 tree [PLB 755 (2016) 270]

� Models predict Cµ9 = −Cµ10

� LQ masses typically O(10 TeV) @ tree-level, O(1 TeV) @ loop-level
� Other constraints:

� Constraints from B0
s mixing at loop-level

� Limits from direct searches 0.5− 1.0 TeV

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests

https://arxiv.org/abs/1511.01900
https://arxiv.org/abs/1503.01084
https://arxiv.org/abs/1704.05835
https://arxiv.org/abs/1512.01560
https://arxiv.org/abs/1511.06024


Backup | Interpretation 43 / 20

Lepton flavour violation

b `
λb`

λs`′
`′

s

LQ

observable limit @ 90% CL constraint (λql LQ coupling matrix)

B(µ→ eγ) 5.7 · 10−13 MEG |λqeλ∗qµ| . M2

(34 TeV)2

B(τ→ eγ) 1.2 · 10−8 Belle |λqeλ∗qτ | . M2

(1 TeV)2

B(τ→ µγ) 4.4 · 10−8 Babar |λqµλ∗qτ | . M2

(0.7 TeV)2

B(τ→ µη) 6.5 · 10−8 Belle |λsµλ∗sτ | . M2

(3.7 TeV)2

B(B→ Kµ±e∓) 3.8 · 10−8 Babar
√
|λsµλ∗be|2 + |λbµλ∗se|2 . M2

(19.4 TeV)2

B(B→ Kτ±e∓) 3.0 · 10−5 PDG
√
|λsτλ∗be|2 + |λbτλ∗se|2 . M2

(3.3 TeV)2

B(B→ Kτ±µ∓) 4.8 · 10−5 PDG
√
|λsµλ∗bτ |2 + |λbµλ∗sτ |2 . M2

(2.9 TeV)2

B(B→ πµ±e∓) 9.2 · 10−8 Babar
√
|λdµλ∗be|2 + |λbµλ∗de|2 . M2

(15.6 TeV)2

[JH
E

P
0

6
(2

0
1

5
)

0
7

2
]

� Lepton Non-universality generally implies Lepton Flavour violation
[Glashow et al., PRL 114 (2015) 091801]

� Motivates searches for B+→ K+µ±e∓, B0→ K∗0µ±e∓, . . .

� Branching fractions just below current upper limits possible

� Observation of LFV modes would be a clear sign of NP

� LHCb will probe below current limits for B→ Xeµ

� Decays with τ final states more challenging, but improvements possible
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B0→ K∗0[→ K+π−]µ+µ− at LHCb
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[JHEP 02 (2016) 104]

NJ/ψK∗ = 348 k

NK∗µµ = 2 398± 57

� BDT to suppress combinatorial background
Input variables: PID, kinematic and geometric quantities, isolation variables

� Veto q2 range [8, 11] ∪ [12.5, 15] GeV2/c4 containing tree level decays
B0→ J/ψK∗0 and B0→ ψ(2S)K∗0 (important control modes)

� Signal clearly visible as vertical band after the full selection
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The B0 → K∗0[→ K+π−]µ+µ− branching fraction

]4c/2 [GeV2q
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]2
/G

eV
4 c

 [2 q
/d

B
 d

0

0.05

0.1

0.15
6−10×

LHCb

[JHEP 11 (2016) 047]

� Measurement relative to normalisation mode B0→ J/ψK∗0
dB(B0→ K∗0µ+µ−)

dq2
=

1

q2
max. − q2

min.

× 1− FK∗µµS

1− F J/ψK∗S

× NK∗µµ

NJ/ψK∗
× εK∗µµ
εJ/ψK∗

× B(B0→ J/ψK∗0)× B(J/ψ→ µ+µ−)

�
εK∗µµ
εJ/ψK∗

from (corrected) simulation, many effects cancel in ratio

� In agreement with but lower than SM prediction [arXiv:1503.05534]
[PRD 89 (2014) 094501]
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Similar to the rates of many other b→ sµ+µ− decays
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LHCb B0→ K∗0µ+µ− [JHEP 11 (2016) 047]
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CMS B0→ K∗0µ+µ− [PLB 753 (2016) 424]
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LHCb Λ0
b→ Λµ+µ− [JHEP 06 (2015) 115]

� Data consistently below SM predictions (particularly at low q2)
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Angular analysis of B0 → K∗0[→ K+π−]µ+µ−

d

b̄

d

s̄

B0 K∗0

µ−

µ+

t̄

W+

Z0, γ

B

K*
 K*

z

K

+
+

Figure 1. Kinematic variables of

B̄0
d → K̄∗0(→ K−π+) + ¯̀̀ decays:

i) the (¯̀̀ )-invariant mass squared q2,

ii) the angle θ` between ` = `− and B̄

in the (¯̀̀ ) center of mass (c.m.), iii)

the angle θK∗ between K− and B̄ in

the (K−π+) c.m. and iv) the angle φ

between the two decay planes spanned

by the 3-momenta of the (Kπ)- and

(¯̀̀ )-systems, respectively.

V is assumed to be on-shell in the narrow-resonance approximation which restricts the number

of kinematic variables to four4. Using B̄0
d → K̄∗0(→ K−π+) + ¯̀̀ for illustration, they might be

chosen as depicted in figure 1.

The differential decay rate, after summing over lepton spins, factorises into

8π

3

d4Γ

dq2 d cos θ` d cos θK∗ dφ
= Js1 sin2 θK∗ + Jc1 cos2 θK∗ + (Js2 sin2 θK∗ + Jc2 cos2 θK∗) cos 2θ`

+J3 sin2 θK∗ sin2 θ` cos 2φ+ J4 sin 2θK∗ sin 2θ` cosφ+ J5 sin 2θK∗ sin θ` cosφ

+(Js6 sin2 θK∗ + Jc6 cos2 θK∗) cos θ` + J7 sin 2θK∗ sin θ` sinφ

+J8 sin 2θK∗ sin 2θ` sinφ+ J9 sin2 θK∗ sin2 θ` sin 2φ, (1)

that is, into q2-dependent observables5 J ji (q2) and the dependence on the angles θ`, θK∗ and

φ. No additional angular dependencies can be induced by any extension of the SM operator

basis [11] as found by [12, 13]. The following simplifications arise in the limit m` → 0: Js1 = 3Js2 ,

Jc1 = −Jc2 and Jc6 = 0.

The differential decay rate d4Γ̄ of the CP-conjugated decay B0
d → K0∗(→ K+π−) + ¯̀̀ is

obtained through the following replacements

J j1,2,3,4,7 → J̄ j1,2,3,4,7[δW → −δW ], J j5,6,8,9 → − J̄ j5,6,8,9[δW → −δW ], (2)

due to `↔ ¯̀⇒ θ` → θ` − π and φ→ −φ. The CP-violating (weak) phases δW are conjugated.

The angular distribution provides twice as many observables (J ji and J̄ ji ) when the decay

and its CP-conjugate decay are measured separately. This doubles again if the ` = e and µ

lepton flavours are not averaged. Notably, CP-asymmetries can be measured in an untagged

sample of B-mesons due to the presence of CP-odd observables (i = 5, 6, 8, 9) [7]. Moreover,

T-odd observables ∼ cos δs sin δW (i = 7, 8, 9) are especially sensitive to weak BSM phases δW
[10, 14] contrary to T-even ones ∼ sin δs sin δW (i = 1, . . . , 6), since the CP-conserved (strong)

phase δs is often predicted to be small. Note, that in the SM CP-violating effects in b → s are

doubly-suppressed by the Cabibbo angle as Im[VubV
∗
us/(VtbV

∗
ts)] ≈ η̄λ ∼ 10−2.

4 The off-resonance case has been studied in [9].
5 Possibilities to extract q2-integrated Jji from single-differential distributions in θ`, θK∗ or φ can be found in [10].

� Decay fully described by three helicity angles ~Ω = (θ`, θK , φ) and q2 = m2
µµ

�
1

d(Γ + Γ̄)/dq2

d3(Γ + Γ̄)

d~Ω
=

9

32π

[
3
4 (1− FL) sin2 θK + FL cos2 θK + 1

4 (1− FL) sin2 θK cos 2θ`

− FL cos2 θK cos 2θ` + S3 sin2 θK sin2 θ` cos 2φ

+ S4 sin 2θK sin 2θ` cosφ+ S5 sin 2θK sin θ` cosφ

+ 4
3AFB sin2 θK cos θ` + S7 sin 2θK sin θ` sinφ

+ S8 sin 2θK sin 2θ` sinφ+ S9 sin2 θK sin2 θ` sin 2φ
]

� FL, AFB, Si combinations of K∗0 spin amplitudes

depending on Wilson coefficients C
(′)
7 , C

(′)
9 , C

(′)
10 and form factors

� Perform ratios of observables where form factors cancel at leading order
Example: P ′5 = S5√

FL(1−FL)

[
S. Descotes-Genon et al.,
JHEP, 05 (2013) 137

]
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B0→ K∗0µ+µ− Results: FL, AFB and S5
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� Generally good agreement
with SM predictions

� Mild tension in AFB

� Some tension in S5

[1503.05534][1411.3161][1503.05534][1411.3161]

[1503.05534][1411.3161]
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Less form-factor dependent observable P ′5
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[JHEP 02 (2016) 104]

[1407.8526]

� In q2 bins [4.0, 6.0] and [6.0, 8.0] GeV2/c4 local deviations of 2.8σ and 3.0σ

� Global B0→ K∗0µ+µ− analysis finds deviation corresponding to 3.4σ

� [LHCb, JHEP 02 (2016) 104] consistent with [Belle, PRL 118 (2017) 111801]

[CMS-PAS-BPH-15-008] [ATLAS-CONF-2017-023]
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Less form-factor dependent observable P ′5
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� In q2 bins [4.0, 6.0] and [6.0, 8.0] GeV2/c4 local deviations of 2.8σ and 3.0σ

� Global B0→ K∗0µ+µ− analysis finds deviation corresponding to 3.4σ

� [LHCb, JHEP 02 (2016) 104] consistent with [Belle, PRL 118 (2017) 111801]

[CMS-PAS-BPH-15-008] [ATLAS-CONF-2017-023]
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