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LHC interplay with SuperKEKB

• Environments 

• CPV measurements

• Semileptonic decays  

• Rare decays



Environments 
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LHCbB-Factories

√s=10.58 GeV
√s=7- 8 – 13 TeV

Δt tB
no fragmentation tracks, B0 and B+ only
coherent state 

All b-hadron species, incoherent production
Fragmentation
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BaBar and Belle : ~1.1 109 BB

LHCb ~ 1012 bb in the detector
Period E (TeV) Int Lumi (fb-1)

2011 7 ~ 1

2012 8 ~ 2

2015-2018 13 ~5.5

B-Factories ! 
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bb cross-section is about 5 orders of magnitude larger at the LHC
σ(bb- 𝜰(4S)) /σ(inelastic) ~ ¼         σ(bb- LHC)/σ(inelastic) ~ 1/300 at 7 TeV

Trigger at LHCContinuum suppression 
at BaBar/Belle(2)

LHC : 15 MHz of 
visible crossing

LHCb : readout of the 
detector : 1 MHz

⟹ hardware trigger

e+ e-

continuum is jet like

e+ e-
BB

B-
Factories

LHCb

Average B-flight 
distance 

250 à 130 
μm 

1 cm

Event multiplicity ~10 ~100
Number of channels 0,1 M 1,1 M

Trigger efficiency > 99% ~90% - 20%
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Final states with π and K : ex of  BàD(à Kπ) K

PRL 106 (2011) 
231803

BelleBelle

Bà(K+ π)DK- Bà(K+ π)Dπ-

56 events

165 events

553 events

1360 events

PLB 760 (2016), 
pp. 117-131

Belle full 
statistics 

LHCb Run1
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Final states with electrons/muons : 
JHEP08 (2017) 055 

Phys ReV D67 (2003) 
032003

LHCb

N(ee)<<N(µµ)
Significant 
brem tail 

BelleJ/𝜓à𝜇𝜇 J/𝜓àee

Similar yields
Low Brem tail

N(BàJ/𝜓(à𝜇𝜇)K(π)) ~ 5 N(BàJ/𝜓(àee) K(π))) 
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L0 Muon pT>1.5 - 1.8 GeV
L0 Electron ET > 2.5 – 3.0 GeV
L0 Hadron ET > 3.5 GeV

LHCb Internal

For illustration 
only

Max of lepton pT (GeV)

K* ℓℓ Generator level, 1.1<q2<6 GeV2/c4

LHC : 15 MHz of 
visible crossing

LHCb : readout of the 
detector : 1 MHz

⟹ hardware trigger : 

Electron channels : 
three exclusive trigger categories

Other
(L0I)

3
Muon channels : 
one single muon trigger category



Tagging
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uncertainty on an CP 
asymmetry 

Multivariate tagging algorithms 

BaBar

Belle-2 : expecting similar 
performances (37 %)  

At LHCb Q ~ 6 % 

differs significantly from a decay 
channel to another 

Sensitive to nPV

LHCb
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B-Factories : at hand 1.1 ab-1

23 fb-1

50 ab-10.5 ab-1Belle-2

300 fb-1
Upgrade II 

Upgrade I 
construction 

9 fb-1

Future plans 

LHCb : arXiv 1808.08865 Belle-2 arXiv 1808.10567 
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LHCb Upgrade I 
• Under construction 
• Factor 5 in luminosity increase

Replace 90% of the channels
New RO electronics (40 MHz) 
New DAQ and data center
Software trigger only  

Get rid of this limitation
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New pixel VELO 
5.1 mm from 
beam 

New tracking stations

Si strips Scifi

New photodetectors
+ new electronics 

New shielding 
+ new electronics 

Reduced PMT gain
+ new electronics 
Remove PRS and SPD 

à Factor 2 increase in efficiency for hadronic B decays (higher for charm) 
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Slide from Monica Pepe Altarelli@ LISHEP 2018 
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LHCb Upgrade || 
• Factor 10 in luminosity increase
• EoI and Physics case submitted to LHCC 

See Mika’s talk on Monday for ideas on the detector for  Upgrade II and the effect 
on physics output  
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CP violation measurements

With the current precision, CPV well described by the CKM 
mechanism

àprecise measurements mandatory 
to search for pieces which do not fit 



CPV in the interference between mixing and decay
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B0

B0

f

Φmix
-Φdecay

Φdecay
Φd = Φmix-2 Φdecay

Mixing Decay

Bd system : 2β
Bs system : φs

Needs : 
• Initial Tagging
• Decay time measurement



Sin2β measurement

XIII B Physics Workshop, Marseille 1-3 October 2018 17

Sin2β direct CPV 
~0  (SM)

Needs : 
• Initial Tagging
• Decay time measurement
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PRL 108, 171802 (2012)

41.7 k tagged 
events

12.7 k tagged events

PRL. 115, 031601 (2015)

Belle
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JHEP11 (2017) 170 

LHCb Run1 results 
still less precise than 
BaBar+Belle average 

sin(2β) ≡ sin(2φ1)

H
FL

AV
M

or
io

nd
 2

01
8

-2 -1 0 1 2 3

BaBar
PRD 79 (2009) 072009

0.69 ± 0.03 ± 0.01

BaBar χc0 KSPRD 80 (2009) 112001
0.69 ± 0.52 ± 0.04 ± 0.07

BaBar J/ψ (hadronic) KSPRD 69 (2004) 052001
1.56 ± 0.42 ± 0.21

Belle
PRL 108 (2012) 171802

0.67 ± 0.02 ± 0.01

ALEPH
PLB 492, 259 (2000)

0.84 +-0
1

.

.
8
0

2
4 ± 0.16

OPAL
EPJ C5, 379 (1998)

3.20 +-1
2

.

.
8
0

0
0 ± 0.50

CDF
PRD 61, 072005 (2000)

0.79 +-0
0

.

.
4
4

1
4

LHCb
JHEP 11 (2017) 170

0.76 ± 0.03

Belle5S
PRL 108 (2012) 171801

0.57 ± 0.58 ± 0.06

Average
HFLAV

0.70 ± 0.02

HFLAVHFLAV
Moriond 2018
PRELIMINARY
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Trigonometric ambiguity 
à need to measure cos 2β

Joint BaBar Belle analysis of 
Bà D(*)(àKsππ)h0 (h0= π0,η,ω)

Phys.Lett.B624:1-10,2005

à la GGSZ
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Two different regions of the
DàKsππ phase space 

in agreement with the WA

cos2β>0 at 3.7σ

arXiv:1804.061

β ≡ φ1

ρ
–

η
–
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Belle 2 in 2025 : 0.006 

Expected precision on sin 2β

LHCb with 50 fb-1 : 0.006 if Flavour Tagging performances are 
maintained

LHCb unofficial 
Upgrade I



φs measurement
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LHCb Bsà J/𝜓 φ(àKK), but also 
• KK above the φ resonance 
• J/𝜓 ππ

Needs : 
• Initial Tagging
• Decay time measurement
• Amplitude analysis
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φ region 

Above 
the φ



XIII B Physics Workshop, Marseille 1-3 October 2018 25

Seems very SM like 
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Bs⟶J/ψΦ

Bs⟶ΦΦ,	Bs⟶(Kπ) (Kπ)

Dominated by a tree
diagram

NP can show up in the 
mixing penguin diagram

NP can show up in the mixing
or in the decay (penguin loops)

SM

bàccs

bàsss
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Bs⟶ΦΦ Signal yield of ~ 8500 candidates (Run1 + 2015 – 2016) 

in good agreement with SM 
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Bs⟶(Kπ) (Kπ)

~ 6000 candidates (Run1)  

JHEP	03	(2018)	140
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SM prediction based on fit of experimental data : 

Can be measured in several modes.  

With 3 fb-1

σsyst = 6 mrad

Expected precision on φs
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B fX

DX

DX

γ = −arg
V+,V+-∗

V/,V/-∗

a lot of choices for f (should be accessible by D and D) and X
Theory : 
• tree diagrams

Experiment : 
• enough information to extract all th. parameters from data  

Direct CP violation : γ measurement

Pioneered by BaBar and Belle *

*arg ud ub

cd cb

V V
V V

γ
⎛ ⎞

= ⎜ ⎟
⎝ ⎠
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D decay mode : KK, ππ … 

D decay mode : Kπ (DCS) … 

D decay mode : Ks π π  (Dalitz)

𝛾 = 73.556.789.: °

LHCb-CONF-2018-002

𝛾 = 74.056.>86.? °
Result currently dominated by LHCb
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LHCb (arXiv 1808.08865)
Belle-2 (arXiv 1808.10567)

LHCb
23 fb-1

Belle2
50 ab-1

LHCb
300 fb-1LHCb : 9 fb-1

Run1+2

Belle2
10 ab-1

Expected uncertainty on the  γ / φ3 angle 

NB : inputs from BESIII and many modes  
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LHCb today LHCb 23 fb-1

LHCb 300 fb-1

Improvements in lattice QCD 
calculations on ξ

Ultimately : tests of the CKM paradigm at the per mil level ….
Confront tree and loop measurements  

arXiv 1808.08865
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Semileptonic decays 

A challenge for LHCb
A part of b physics which was thought to be mainly B-Factories 
domain and SM-pure  
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Need to “compensate” for the missing neutrino(s)

Measurement of |Vub|/|Vcb| using 

Anatomy of the BàD X l ν decay 
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LFU tests with tree diagrams 

Large BR : the problem is the background [ at least 2 missing neutrinos ] !

The rest of the event is not useful for LHCb. Take advantage of the boost 

Precise SM predictions [but some discussions though] ~ 1% for R(D*) , much 
worse for RJ/Psi

?
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3.8 σ from the SM
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A whole set of measurements 
in the pipeline : 

.006

.012

.004

.003

arXiv:1809.06229

“Ultimate” syst. 

( Guess estimates)

+ additional 
observables (τ pol)
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Rare decays (searching for NP)
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SM : very rare (Vtq, helicity suppression) 

Bd,s→μμ

SM prediction

?

?

In NP models with an extended Higgs sector the BR can be largely enhanced

BRMSSM ∝ tan6β/MA
4

PRL 112(2014) 101801

Clean experimental signature (trigger) 
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Bs seen by ATLAS, CMS and LHCb

PRL 118, 191801 (2017) 

LHCb 2011-2016 ATLAS  2011 – 2016 

ATLAS-CONF-2018-046

CMS 2011 – 2012 
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PRL 111 (2013) 101804

ATLAS-CONF-2018-046

PRL. 118, 191801 

à Significant improvements 
foreseen for the GPD upgrades

The mass resolution is crucial 

ATL-PUB-2018-005
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Run1-2 Run1-3
LHCb : 23 fb-1

GPD : 300 fb-1 

Full HL-LHC
LHCb : 300 fb-1

GPD : 3000 fb-1 

Expected uncertainty on BR(Bsàµµ)

σsyst ~ 4 % 

σsyst ~ 7 % 



bà sll transitions
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b̄

d

ū/c̄/t̄ s̄

e−

e+

W+

γ/Z0

K∗0B0

b̄

d

ū/c̄/t̄

s̄

e−

e+

W+

γ/Z0

K∗0B0

b̄

d

ū/c̄/t̄ s̄

e−

e+

W+

K∗0B0

W−νeℓ+

ℓ-

ℓ+

ℓ-

ℓ+

ℓ-

Relative importance of the different diagrams varies with q2= M2(ℓ+ℓ-)

?? ?? ??

Many observables : 

o BF (but large theoretical uncertainties due to non-perturbative QCD) 

o Ratios of BF (test of Lepton Universality) 

o Angular observables
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2 – 3 σ effects

JHEP08 (2017) 055

The RHs ratios

RHs =1 (at 10-3 ) in the SM

RK , RK* , Rφ …

QED effects ~ % arXiv:1605.07633
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LHCb RK⇤

LHCb R�

LHCb RpK

arXiv:1809.06229

> 5 σ independently from 
LHCb and Belle-II if central 
value stays the same 

kown to 4 % 

Measurements dominated by statistics except for 300 fb-1
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Angular observables

µ+

µ-
K-

π+

Ф

B

θKθℓ

4 particles final state 
System described by:

•q2 =M2(ℓℓ)
•3 angles

Ii are encoding the matrix elements of the decay
Ratios of Ii to remove FF and be sensitive to the Wilson coefficients   



XIII B Physics Workshop, Marseille 1-3 October 2018 48

à Angular analysis in bins of q2

an example : 

JHEP	02	(2016)	104
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]4c/2 [GeV2q
0 5 10 15

5'P

1−

0.5−

0

0.5

1

(1
S)

ψ/J

(2
S)

ψ

LHCb data
Belle data

ATLAS data
CMS data

SM from DHMV
SM from ASZB

LHCb-PAPER-2015-051
ATLAS-CONF-2017-023
CMS-PAS-BPH-15-008
Belle	(Phys.Rev.Lett.	118	(2017)	no.11,	111801)	

Some tensions

Other observables in better agreement with SM  
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(
Measurement of the photon polarization with BàK*ee

γ

q2 as low as possible [multiple scattering constraint] 
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Measurement of the photon polarization to ~ 12 % 

JHEP 04(2105) 064
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52

)
Expected uncertainty on AT

2 / AT
Im

LHCb : 23 fb-1

Belle 2 50 ab-1
LHCb : 300 fb-1

LHCb Run1

Belle2 : 5 ab-1

Similar performance expected with very different environments
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Κ∗µµ
K*ee

Belle : beam energy constrained mass

full q2 region (but the JPsi and Psi(2S) )   

Direct comparison of angular distributions for the muonic and 
electronic final states  

PRL118 (2017) 111801 
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PRL118 (2017) 111801 
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Expected precision 
Belle 2 (50 ab-1) from 
arXiv 1808.10567 

PRL118 (2017) 111801 

JHEP 10 (2016) 075
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A significant number of interesting “hints” 

Cautiousness is of prime importance : 
• Statistical fluctuations 
• Experimental artefacts (but the double ratios are 

expected to be very robust measurements)  
• Theoretical uncertainties ? 
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Let’s play with NP scenarios 

RK/K* and angular measurements  
same + RD

Some right-handed couplings. 
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3σ contours with 
23 fb-1

3σ contours 
with 300 fb-1

Different NP scenarios can be cleanly separated 



XIII B Physics Workshop, Marseille 1-3 October 2018 59

A lot of models proposed …. 

Some are also pointing to Lepton Flavour Violation 

Search for Bà K(*) e µ

arXiv:1807.03267

Belle

Most stringent limit today for this mode 

90%CL
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Search for B(s)àe µ JHEP	1803	(2018)	078

Limits : 

7.2 (6.0) if amplitude dominated 
by the light eigenstate
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Tests of models: 

arXiv:1808.08179

Currently excluded by GPD with 36 fb-1

Exclusion extrapolated to 300 fb-1 (GPD)

Allowed by 300 fb-1 (GPD)

arXiv:1805.09328 

large τàµ transition in a whole set of models 

See the talk from Dario 
Buttazzo on Tuesday
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arXiv:1808.08179

Currently excluded by GPD with 36 fb-1

Exclusion extrapolated to 300 fb-1 (GPD)

Allowed by 300 fb-1 (GPD)

Belle 2 50 ab-1

LHCb 300 fb-1

Belle 2 50 ab-1
arXiv:1805.09328 

Belle-2 (50 ab-1) 
BR(τà3µ) <~ 3 10-10 [ 90 %CL]

LHCb (9  fb-1 : Run1 Run2 ) 
BR(Bà τµ ) <~ few 10-5 [ 90 % CL] 

See the very nice talk from 
Dario Buttazzo on TuesdayTests of models: 
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The ultimate place to do b-physics ? 

B0à K*0 ττ

High precision-vertex detector (σ vertex ~  2.5 µm 
a factor 10 better than LHCb

BR assumed to be SM
few thousands signal events 
τ polarization measurement  

arXiv:1705.11106

At the Z0 peak : ~ 1012 bb pairs



Real life considerations 
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(Anton)

This is also true for LHCb Upgrade 1 and Belle II ! 



Summary
We are in an ideal situation : 
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Some modes are better 
suited for Belle-2 

(inclusive measurements, 
modes with several 

neutrals ) 

Some modes are unique 
for LHCb (Bs, Bc, b-

baryons, extremely rare 
modes)

In many cases similar 
expected sensitivities … 

with very different 
detectors 

Interesting times ahead !
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Backup slides 

XIII B Physics Workshop, Marseille 1-3 October 2018 68



XIII B Physics Workshop, Marseille 1-3 October 2018 69

arXiv 1808.08865
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Clean experimental signature (trigger) 



XIII B Physics Workshop, Marseille 1-3 October 2018 71

M(ϒ(4S))=10.58 GeV
only (B+, B0) are produced (no 
fragmentation)

(B+, B0) are produced nearly at 
rest in the ϒ(4S) cms

B-Factories LHCb

JPC= 1 - -

Two independent b-hadrons produced

Time measured from primary vertex  

All types of b-hadrons : Bs and Λb also

Fragmentation tracks

Two pseudoscalar bosons with L=1, 
antisymmetric wave function

If the two B could oscillate 
independently: they could become a 
state made up of two identical  
mesons (=bosons), this would be a 
symmetric state … 
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Bd,s→ττ

PRL112 (2014) 101801

PRL 118 251802 (2017)

@ 95 % CL 

à < 5 10-4 at the end of Upgrade II 
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Two experimental approaches for the τ reconstruction 

LHCb results on the R ratios 
Run1 data


