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Disclamer:           Impossible to cover everything ! 
✦ I won’t touch on Top Physics and Heavy Ions (dedicate plenaries) 
✦ Focus on most recent (≲ 1y)  and/or significant results from ATLAS, CMS and LHCb 
✦ Yet, some bias may appear: sorry if your preferred topic/result is not covered

Most recent/interesting/intriguing results on 



Why study flavours….
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The quest for New Physics (NP) relies on complementary approaches

Energy Frontier

direct searches for new 
particles and interactions

Precision Frontier
look for deviations of the SM predictions: 
heavy particles affects lower energy 
processes

Standard Model (SM) alive and very well 
for half a decade! 
Yet, it cannot be all…

dark matter, fermion mass scales, baryon 
asymmetry, hierarchy problem, etc…
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The quest for New Physics (NP) relies on complementary approaches

Energy Frontier

direct searches for new 
particles and interactions

Precision Frontier
look for deviations of the SM predictions: 
heavy particles affects lower energy 
processes

Standard Model (SM) alive and very well 
for half a decade! 
Yet, it cannot be all…

dark matter, fermion mass scales, baryon 
asymmetry, hierarchy problem, etc…

☞   20 parameters: masses and mixing 
 of the 12 fermions

a tool for:

Study QCD in different regimes 

Understand CP violation mechanismsNew physics searches

QUARK SECTOR



Flavour Physics @ the LHC
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LHC is a flavour factory!
Huge b cross section, and 20x higher for charm 
All types of b- and c-hadrons produced

CMS

ATLAS

ALICE

ATLAS, CMS 
➡ general purpose, “discovery machines”  
➡ efficient di-muon trigger: great capabilities in 

b decays to µµ 
➡ maximal luminosity

ALICE 
➡ cleanly reconstruct heavy flavours 
➡ focused on quark-gluon plasma 
➡ contributing in heavy flavour 

production in pp collisions too 
(L. Vermunt, Tue 29/08)
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LHC is a flavour factory!
Huge b cross section, and 20x higher for charm 
All types of b- and c-hadrons produced

LHCb

CMS

ATLAS

ALICE

LHCb is the dedicated flavour experiment 
➡ forward detector (optimised geometry) 
➡ RICH particle ID (K/π separation) 
➡ excellent vertexing 
➡ dedicated b- and c- triggers (inclusive & exclusive) 
➡ operates at lower luminosity 

but lots and lots of flavour
ATLAS, CMS 
➡ general purpose, “discovery machines”  
➡ efficient di-muon trigger: great capabilities in 

b decays to µµ 
➡ maximal luminosity

ALICE 
➡ cleanly reconstruct heavy flavours 
➡ focused on quark-gluon plasma 
➡ contributing in heavy flavour 

production in pp collisions too 
(L. Vermunt, Tue 29/08)
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Different == complementary coverage 



Flavour 
Production & 
Properties
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Heavy Flavour Production @ LHC
For pp collisions at LHC energies, the main 
mechanism for flavour production is gluon-
gluon fusion

Production measurements are 
fundamental for understanding of QCD 

x-section measurements and ratios sensitive 
to parton density functions (PDFs) 

probe proton structure at low-x 

MC tuning: inputs for precise flavour physics 
measurements 

NP searches: precise SM precisions are 
crucial 



Open Charm: new @ 5 & 13 TeV (LHCb)
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D0, D+, Ds+ and D*+  double differential cross-sections 
measured at three pp energies: 7, 5  & 13 TeV (new) 
in Run II: data directly from ‘Turbo Trigger’ 

Comput. Phys. Commun. 208, 35 

prompt and secondary production distinguished by 
log(IP χ2) distribution

prompt production secondary production
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Open Charm: new @ 5 & 13 TeV (LHCb)

QCD@LHC 2017 - Debrecen                                                     Carla Göbel 9

In general (all D species, all energies): 
agreement with predictions, although  large uncertainties at low pT 
data tends to lie at upper end of predictions

13 to 7 TeV ratio:
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√s = 13 TeV total c-cbar cross-section using fragmentation fractions:

�(pp ! cc̄X)pT<8GeV,1.0<y<4.5 = 2369 ± 3 ± 152 ± 118µb
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J/𝜓  production @ 13 TeV - LHCb
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Separation of prompt from b-
decays through pseudo decay 
time:

tz =
(zJ/ � zPV)MJ/ 

pz

d2�(Xc)

dpT dy

Double differential cross-
sections:

JH
E

P 10 (2015) 172;  
E

rratum
 JH

E
P 1705 (2017) 063
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NRQCD describes data well; FONLL with tendency below data

13 to 8 TeV ratio

extrapolation to total 4π  
bb X-sec using PYTHIA 6:

�(pp ! bb̄X)13TeV = 495± 2± 52µb

Prompt J/𝜓 J/𝜓-from-b 



Onia  production @ 13 TeV - CMS
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CMS measures differential cross-sections for J/𝜓, 𝜓(2S) and  𝚼(nS) (n=1,2,3) 
for |y|<1.2

CM
S PA

S B
PH

-15-005Cross sections ratios 13/7 TeV:



𝚼 and open charm @ 7 & 8 TeV - LHCb
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𝚼(nS)(→ µµ) associated with D0, D+, Ds+ 
sensitive to mechanism: single (SPD) vs. double 
parton scattering (DPS) 

for DPS:
JHEP 17 (2016) 052

DPSSPS

Results indicate dominance of production 
via DPS 



J/𝜓 pair production 
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pT < 10 GeV,  2.0 < y < 4.5 
Both SPS and DPS are found to 
contribute: fit cannot be 
described by only one of them

LHCb @ 13 TeV

σ(J/𝜓 J/𝜓)13 TeV = 15.2 ±1.0±0.9 nb  

ATLAS @ 8 TeV

pT > 8.5 GeV,  |y| < 2.1 
for |y(J/𝜓2)|< 1.05: 

for 1.05 < |y(J/𝜓2)|< 2.1: 

σ(J/𝜓 J/𝜓)8 TeV =   
82.2± 8.3stat± 6.3syst± 0.9BF± 1.6lumi pb

σ(J/𝜓 J/𝜓)8 TeV = 
78.3± 9.2stat± 6.6syst± 0.9BF± 1.5lumi pb

 JH
E

P 06  (2017) 047

 EPJC 77  (2017) 76



more pair productions
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b-hadron pairs investigated through 
One b decays to J/psi(µµ) +  X;  
the other to µ + Y 
A three µ final state 

b-hadron pair @ 8 TeV - ATLAS

results compared with predictions from 
many generators

�(B(! J/ (µµ) +X)B(! µ+X)) = 17.7± 0.1stat ± 2.0syst nb

arXiv:1705.03374 (2017)

𝚼(1s) pair production @ 8 TeV - CMS 

both  𝚼(1s) reconstructed as a µ+µ− 

JHEP 05 (2017) 013

probe QCD at both pertubative and 
non-perturbative regimes

Fiducial X-section: |y𝚼| < 2.0

�fid(⌥(1S)⌥(1S)) = 68.8± 12.7stat ± 7.4syst ± 2.8B pb



J/𝜓 in jets @ 13 TeV - LHCb 
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PR
L 118 (2017) 192001

2.5 < η(jet) < 4.0 and pT(jet) > 20 GeV 
measure momentum fraction of J/𝜓 n the jet:  

again, J/𝜓 prompt and from-b separated by 
pseudo-decay time

z = pT(J/𝜓)/pT(jet)

b-hadron results consistent with  Pythia8  

results from prompt do not agree with LO NRQCD (as implemented in Pythia8) 
prompt J/𝜓 less isolated than predicted: big contribution from parton shower



Production of  X(3872) and 𝜓(2S) - ATLAS
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 JH
E

P 01  (2017) 117

The nature of X(3872) is an open subject!

ATLAS studies through final state J/𝜓(µµ)π+π-   
11.4 fb-1 from 2012 data, |y|< 0.75,  10 < pT < 
70 GeV 
separate prompt, short- and long-lived 
contributions through pseudo-decay time

prompt data well described by NLO NRQCD 
FONLL overestimated data for non-prompt

For X(3872):



B+ production @ 13 TeV (CMS)
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B+  production for:  10 < pT B < 17 GeV,  |yB| < 1.45  
                                         17 < pT B < 100 GeV,   |yB| < 2.10 arX

iv:1609.00873, PLB
 in press (2017)

Uses B+ → J/𝜓(µ+µ-) K+  
Measured for the 1st time at 13 TeV

Shape and normalisation in reasonable agreement 
with FONLL and PYTHIA 
13 to 7 TeV ratio tend to prefer higher values wrt 
predictions



b-hadron production asymmetries - LHCb
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in pp collisions, production asymmetries can arise due to the valence quark 
content of the proton 

important for understanding production mechanisms as well as input for CP 
violation studies 
LHCb measures production asymmetries for B0, B+, Bs0 @ 7 and 8 TeV (full run I 
data) as a function (pT, η) and determine Λb0   as function of the others

arX
iv:1703.08464

all values consistent with 
zero within 2.5σ 



B0− B0 width difference: ΔΓd  (ATLAS)
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−
Eigenstates H (heavy) and L (light) have different 
widths. Value is well predicted in the SM:

|BH
d i = p|B0i � q|B̄0i

|BL
d i = p|B0i+ q|B̄0i
��d = �L

d � �H
d

ATLAS measures ΔΓd with run I data: 

Get ΔΓd by the ratio of to J/𝜓 Ks and  B→ J𝜓K* 

yields as a function of Lprop = ct  

��d/�d(SM) = (0.42± 0.08)⇥ 10�2

AP (B
0) = (+0.25± 0.48± 0.05)⇥ 10�2

Obtains B0 production asymmetry

JH
E

P 06 (2016) 081

Lenz & Niesrte, arXiv:1102.4274
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−
Eigenstates H (heavy) and L (light) have different 
widths. Value is well predicted in the SM:

|BH
d i = p|B0i � q|B̄0i

|BL
d i = p|B0i+ q|B̄0i
��d = �L

d � �H
d

ATLAS measures ΔΓd with run I data: 

Get ΔΓd by the ratio of to J/𝜓 Ks and  B→ J𝜓K* 

yields as a function of Lprop = ct  

��d/�d(SM) = (0.42± 0.08)⇥ 10�2

��d/�d(SM) = (�0.1± 1.1± 0.9)⇥ 10�2

AP (B
0) = (+0.25± 0.48± 0.05)⇥ 10�2

Obtains B0 production asymmetry

Most precise 
measurement!

JH
E

P 06 (2016) 081

Lenz & Niesrte, arXiv:1102.4274



Bs
0 and Ds

+ lifetimes (LHCb)
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arX
iv:1705.03475, acc. by PR

L

run I data, 3fb-1 
tests for HQE: validation and refinement using lifetime 
measurements 
“Flavour-specific” Bs0 lifetime: single exponential fit in 
flavour specify final state 
so far, best measurement from LHCb using Bs0→ Ds− π+ 
Semi-lep: higher yields, but with large systematics 
Novel Method! Use ratio of yields of Bs0→ Ds(*)− µ+ 𝜈  wrt 
to B0→ D(*)− µ+ 𝜈 as a function of decay time 

☞ get both Bs0  and Ds+ lifetimes by ΔΓ obtained from 
the fit        
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arX
iv:1705.03475, acc. by PR

L

run I data, 3fb-1 
tests for HQE: validation and refinement using lifetime 
measurements 
“Flavour-specific” Bs0 lifetime: single exponential fit in 
flavour specify final state 
so far, best measurement from LHCb using Bs0→ Ds− π+ 
Semi-lep: higher yields, but with large systematics 
Novel Method! Use ratio of yields of Bs0→ Ds(*)− µ+ 𝜈  wrt 
to B0→ D(*)− µ+ 𝜈 as a function of decay time 

☞ get both Bs0  and Ds+ lifetimes by ΔΓ obtained from 
the fit        

⌧D�
s
= 0.5064± 0.0030stat ± 0.0017syst ± 0.0017⌧D ps

⌧ fsB0
s
= 1.547± 0.013stat ± 0.010syst ± 0.004⌧B ps

Most precise 

measurements!



b-hadron lifetimes (CMS)
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CMS measures b-hadron lifetimes with 19.7 fb−1 @ 8 TeV 
Uses final states with J/𝜓→ µ+µ−  

Bc+ to B+ decay time ratio

Λb0 Λb0 Bc+

CMS-PAS-BPH-13-008 (2017)



Flavour &       
More Flavour: 
spectroscopy 



Excited Ωc States (LHCb)
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Take a 𝛯c+(→ p K− π+) and add a K−

+ K− 

PR
L 118 (2017) 182001
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Take a 𝛯c+(→ p K− π+) and add a K−

Five Ω*  states appear! 

+ K− 

Ωc(3000)   Ωc(3050)   Ωc(3066)   
Ωc(3090)    Ωc(3119)

Quantum numbers yet to be determined 
multi-body decay or production via heavy hadron 

Also indication of a broader structure at  
∼3.2 GeV

PR
L 118 (2017) 182001



𝚵++    
cc   observation!
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SELEX (2002,2005) claimed 
observation of  𝚵+cc

3 weakly-decaying doubly charmed 
baryons predicted by constituent-

quark model PLB
 628 (2005) 18-24

➡ not confirmed by other 
experiments
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SELEX (2002,2005) claimed 
observation of  𝚵+cc

3 weakly-decaying doubly charmed 
baryons predicted by constituent-

quark model

☞ LHCb searches for 𝚵++   cc  through Λc+(→ pK− π+) K− π+ π+ 

(run II data, 1.7 fb-1) 
reconstruct also “wrong-sign” Λc+K− π+ π −  

check of Λc+ sidebands

PLB
 628 (2005) 18-24

➡ not confirmed by other 
experiments

PRL 11 (2017) 180001

clear structure appears 
at ∼ 3620 GeV!



𝚵++    
cc   observation!
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signal stays strong under 
decay-time cut: it’s a weak 
decay! 
confirmed with run I data 
follow-up analyses are on 
their way!

m(𝚵++   cc) =  
3621.40 ± 0.72(stat) ± 0.21(syst) ± 0.14(Λc+) MeV

PRL 11 (2017) 180001
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signal stays strong under 
decay-time cut: it’s a weak 
decay! 
confirmed with run I data 
follow-up analyses are on 
their way!

Compared to SELEX “𝚵+cc” :100MeV 
mass split inconsistent with being 
isospin partners

m(𝚵++   cc) =  
3621.40 ± 0.72(stat) ± 0.21(syst) ± 0.14(Λc+) MeV

PRL 11 (2017) 180001



Pentaquarks are out there

QCD@LHC 2017 - Debrecen                                                     Carla Göbel 27

Study of Λb0→ J/𝜓 p K−   
Initial observation of two 
pentaquark states back in 2015

BW resonance

Pc(4550)+  −  narrow  
Pc(4380)+  −  wider  
opposite parities
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quite news, still 
amazing!

In a model independent approach, data is 
inconsistent as being described by Λ* resonances 
only   
Search in similar channel, Λb0→ J/𝜓 p π−, show 
evidence for both states at ∼3σ 
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Λb
0 → χc(1,2) pK−  just observed

PR
L 

11
9 

(2
01

7)
 0
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Can Pc→ χc(1,2) p ? 

Could Pc be just a 

rescattering effect? 

Again, amplitude 

analysis is the next 

move



Exotic: X → J/𝜓 φ  
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X(4140) first seen by CDF as a narrow state,  and then by CMS and D0;
CDF, PRL 102 (2009) 242002, arXiv:1101.6058 
CMS, PLB 734 (2014) 261; D0, PRD 89 (2014) 012004

full run I data; 6D amplitude analysis  

no evidence from BaBar, Belle, BESIII and LHCb (0.37 fb-1)

Data cannot be described by 
K*+→ φ K+ resonances only 

LHCb studies B+ → J/𝜓 φ K+ 
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X(4140) first seen by CDF as a narrow state,  and then by CMS and D0;
CDF, PRL 102 (2009) 242002, arXiv:1101.6058 
CMS, PLB 734 (2014) 261; D0, PRD 89 (2014) 012004

full run I data; 6D amplitude analysis  

no evidence from BaBar, Belle, BESIII and LHCb (0.37 fb-1)

Data cannot be described by 
K*+→ φ K+ resonances only 

Four exotic states found:

X(4140) 1++ 
X(4274) 1++

X(4500) 0++ 
X(4700) 0++

tetraquarks  or Ds*Ds* molecules?  
X(4140) as a cusp effect ?

LHCb studies B+ → J/𝜓 φ K+ 

B+→ 𝜓(2S) φ K+  observed

natural case of study for the 

four  X( ) states observed 

towards amplitude analysis

CM
S, PLB

 764 (2017) 66



Rare Decays & 
Lepton 
Universality 



Rare decays. Why?

New particles and/or new interactions could significantly 
enhance (or decrease) the SM expectations 
➡ this was the case of  KL→ µ+µ− :  its tiny rate led to the prediction of charm 

through the GIM mechanism
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Rare or forbidden decays within the Standard Model pose ideal 
environments for the search of New Physics processes 

The b-hadron processes, in particular,  access/probe different 
energy scales! 

Not shown here (see backup): news from LHCb 
➡ new limits on KS→ µ+µ−    and B(s)→τ+τ− 

➡ 1st observation of D0→ ππµµ and D0→KKµµ 



B(s)→ μ
+ μ−
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very rare in the SM: 
GIM, loop and helicity 
suppressed

B(Bs ! µ+µ�) = (3.66± 0.23)⇥ 10�9

effects of NP could 
enhance rate conside-
rably
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1st observation from a combined 
analysis of CMS and LHCb, full 
run I data: 

very rare in the SM: 
GIM, loop and helicity 
suppressed

B(Bs ! µ+µ�) = (3.66± 0.23)⇥ 10�9

B(Bs ! µ+µ�) = (2.8+0.7
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B(B0
s ! µ+µ�) = (0.9+1.1

�0.8)⇥ 10�9

B(B0 ! µ+µ�) < 4.2⇥ 10�10 (95%CL)

E
PJC 76 (2016) 513

ATLAS recently joined the game 



B(s)→ μ
+ μ− : LHCb run I+II
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New LHCb measurement includes 3.0fb-1 (run I) + 1.4 fb-1 (run II) 

7.8σ observation from a single experiment

PR
L 118 (2017) 191801

B(B0 ! µ+µ�) < 3.4⇥ 10�10 (95%CL)

B(B0
s ! µ+µ�) = (3.0± 0.6+0.3

�0.2)⇥ 10�9

First measurement of effective lifetime:

⌧(B0
s ! µ+µ�) = (2.04± 0.44± 0.05) ps

In the SM, only the heavy-mass Bs 
eigenstate decays to µµ 

Precision not yet sufficient for probing NP, but 
open path for future measurements



B(s)→ μ
+ μ− : LHCb run I+II

QCD@LHC 2017 - Debrecen                                                     Carla Göbel 32

New LHCb measurement includes 3.0fb-1 (run I) + 1.4 fb-1 (run II) 

7.8σ observation from a single experiment

PR
L 118 (2017) 191801

B(B0 ! µ+µ�) < 3.4⇥ 10�10 (95%CL)

B(B0
s ! µ+µ�) = (3.0± 0.6+0.3

�0.2)⇥ 10�9

First measurement of effective lifetime:

So far: 

✓ all results compatible with SM 

✓ can exclude large scalar contributions

⌧(B0
s ! µ+µ�) = (2.04± 0.44± 0.05) ps

In the SM, only the heavy-mass Bs 
eigenstate decays to µµ 

Precision not yet sufficient for probing NP, but 
open path for future measurements



b → s ℓ+ℓ− processes
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rare decays, occurring 
through effective FCNC 
at the SM

NP processes via new particles 
in loops or new interactions 

theoretical description through 
effective Hamiltonian:

➡ Wilson coefficients Ci : short 
distance effects, sensitive to NP   

➡  Operators Oi : effective 4-fermion 
interactions



b → s ℓ+ℓ− processes
Measurement of differential branching 
fractions dΓ/dq2 

SM predictions suffer from hadronic 
uncertainties  
regions of q2 sensitive to different processes  
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Angular Analysis (eg B0→ K*0 µ+ µ−) with many observables 
sensitive to NP

many decays to be studied:         
B0(+)→ K(*)0(+) µ+ µ−, Bs→φ  µ+ µ−,           
B+→ π+ µ+ µ−, Λb→ Λ  µ+ µ− , …

FL, AFB, Si → functions of Wilson 
coefficients and sensitive to NP

P 0
i=4,5,6,8 = � Sj=4,5,7,8p

FL(1� FL)

to reduce hadronic 
uncertainties, redefine: 
(among others)

Blake, Lanfranchi, Straub, 
Prog.Part.Nucl.Phys. 92(2017) 50 



B0→  K0*µ+µ− dBR/dq2   
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C. Bobeth, G. Hiller, D. van Dyk, JHEP 
07 (2010) 098, PRD87 (2012) 034016 

PLB 753 (2016) 424

A. Bharucha, D.M. Straub, R. Zwicky, 
JHEP 08 (2016) 098
R.R. Horgan et al, PRD 89 (2014)094501

JHEP 04 (2017) 142

LHCb run I analysis, 3fb-1 CMS, 8 TeV, 20.5 fb-1 

JHEP 11 (2016) 047
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dBR/dq2  ,  a pattern?
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➡ measurements show tendency of values below SM predictions

Various b→sµµ transitions from LHCb



B0 → K*µ+µ−  angular analysis - LHCb
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JHEP 02 (2016) 104



B0 → K*µ+µ−  angular analysis - LHCb
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JHEP 02 (2016) 104

2.8σ 3.0σ  



B0 → K*µ+µ−  angular analysis - LHCb
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JHEP 02 (2016) 104

2.8σ 3.0σ  

χ2 fit performed to the CP-averaged 
observables FL, AFB and S3-9 
Global 3.4σ wrt to SM (DHMV)



B0 → K*µ+µ−  angular analysis - ATLAS and CMS  
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-15-008 (2017)

 CMS and ATLAS have recently presented their results on this matter:

ATLAS show this (same) tendency of higher P5’ within 4-6 GeV2 
CMS with better agreement SM predictions 
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Lepton Universality: R(K)
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For semileptonic decays, robust tests rely on ratio of branching ratios for 
same final state differing only on the lepton flavour   

☞ hadronic uncertainties cancel 

apart from the mass, the charged leptons are copies of one another in 
the SM  ⇒ Lepton Universality (LU) 

equal couplings of W and Z to e, µ, τ   

within the SM, amplitudes of processes involving leptons must be 
identical after correcting for phase space

RK =
B(B+ ! K+µ+µ�)

B(B+ ! K+e+e�)
= 1.000 +O(m2

µ/m
2
b)

LHCb 2014 (remembering) : PR
L 113 (2014) 151601

RK = 0.745+0.090
�0.074 ± 0.036

(1 GeV2 < q2 < 6 GeV2 )

measure through double ratio using B+→ K+ J/𝜓(ℓ+ℓ−) 2.6σ 

lepton universality might be broken by mass dependent couplings 
⇒   signs for NP



R(K*) - LHCb
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RK⇤ =
B(B0 ! K⇤0µ+µ�)

B(B0 ! K⇤0e+e�)

LHCb uses the same old B0→ K*µ+µ− , now 
together with B0→ K*e+e− for LU studies 

2.1− 
2.3σ

2.4− 
2.5σMeasures in two  bins of q2

take the double ratio using B+→ K+ J/𝜓(ℓ+ℓ−) 
as control channels arX

iv:1705.05802



Global Fits
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Global fits to Wilson coefficients provide info on NP contributions 
Several attempts  to interpret results 
Use available B→µµ, b→ s𝛾, b→sℓℓ data:  ∼ 100 observables 

B. Capdevila et al, 
arXiv:1704.05340

Altmannshofer et al. 
EPJC 77 (2017) 377

Hurth et al., arXiv:1705.06274

Preference for NP in C9 at the 4−5σ level



LU:  B → D(*)ℓ 𝜈 
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Measuring the ratio RD(⇤) =
B(B0 ! D(⇤)�⌧+⌫⌧ )

B(B0 ! D(⇤)�µ+⌫µ)

a tree-level process, abundant, but a challenge 
in a hadron machine due to the missing 
neutrinos (especially for the τ channel)

very clean SM prediction:  

☞   cancellation of B→ D* form factor uncertainties 
(value differ from 1 due to phase space)

many NP scenarios could change this ratio, e.g. leptoquarks, charged Higgs  

R(SM)
D⇤ = 0.252± 0.003



LU:  B → D(*)ℓ 𝜈 
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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

Babar (2012) was the first to report results with some tension wrt SM 
This year inputs from Belle and LHCb

arXiv:1708.08856

LHCb looks at τ→ πππ𝜈 final state

new

4.1σ level of discrepancy with the SM prediction
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CP violation in one slide
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+	O(λ4)

The complex nature of the CKM matrix is responsible for sizeably CP violation 
effects in kaons and b-hadron processes 
Tiny effects predicted for charm! 
Angles α, β and 𝛾 follow from the orthogonality relation  

VudV*ub + VcdV*cb + VtdV*tb =0    “The unitary Triangle” 

In the Standard Model, CP violation rises by the CKM mechanism:

Over constraining the Unitary Triangle (sides and 
angles) is vital to test SM description of CP violation

𝛾 is the least  
known angle 

accessible 
interference of 

tree decays

TreeLoop
sin(2β)  

accessible via 
mixing-decay 
interference



New results using  B± → D(*)0K±   and B± → DK*±  using 
full run I (3fb-1) + run II data from LHCb

Progresses in angle 𝜸
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its measurement relies on in the interference between 
b→u and b→ c diagrams − where D0 and D0 go to a 
common final state 
several methods exist (GLW, ADS, GGSZ,…) depending 
on the final state used 
need to combine many decay modes!
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Mixing and CP in Bs: ΔΓs and phase φs 
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SM predicts φs = − 36.3±1.3 mrad  
Appears through the interference between 
mixing and decay in Bs → J/𝜓φ  
Good place for search for NP in loops! 
Efforts from many experiments: D0, CMS, 
ATLAS, CMS and LHCb

LHCb combined result adding    
J/𝜓φ, J/𝜓ππ:

 φs  = 1 ± 37 mrad 

arX
iv:1704.08217

Γs   = (ΓL+ΓH)/2 ΔΓs   = ΓL −  ΓH

New LHCb result: exploits m(KK) > 1.05 GeV  
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SM predicts φs = − 36.3±1.3 mrad  
Appears through the interference between 
mixing and decay in Bs → J/𝜓φ  
Good place for search for NP in loops! 
Efforts from many experiments: D0, CMS, 
ATLAS, CMS and LHCb

LHCb combined result adding    
J/𝜓φ, J/𝜓ππ:

 φs  = 1 ± 37 mrad 

arX
iv:1704.08217

Γs   = (ΓL+ΓH)/2 ΔΓs   = ΓL −  ΓH

New LHCb result: exploits m(KK) > 1.05 GeV  

φs = -21 ± 31 mrad 

ΔΓs  = +0.090±0.005 ps-1 

➡ LHCb dominates average latest results from LHC: 

CMS: PLB 757 (2016) 97 

ATLAS: JHEP 08 (2016) 147 

LHCb: PRL 113  (2014) 211801, PLB 736 

(2014) 186, PRL 114 (2015) 041801,  

PLB 762 (2016) 253, arXiv:1704.08217
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… and plenty of other CP results
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News on sin(2β)
LH

Cb-PA
PE

R
-2017-029

LHCb now includes J/𝜓(→e+e−)KS and 
𝜓(2S)(→µ+µ−)KS  

Golden mode B0→ J/𝜓(→µ+µ−)KS new

S = +0.758± 0.034 C = − 0.017± 0.029

… and plenty of other CP results
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CP Violation in Baryons  

 LHCb studies the Λb0 → pπ−π+π−  and 

Λb0 → pπ−K+K− (1st observation ) in 

regions of the phase space 

☞ Evidence for localised 

CP asymmetries at 3.3σ
N

ature Phys. 13 (2017) 391
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Charm Decays

PR
L 118 (2017) 261803

Tiny expectations within the SM model 
Sensitivities have reached 10−3 − 10−4 
level!

Not evidence yet for CP in charm 

ex: Indirect CP D0→h+h−: 
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CP Violation in Baryons  

 LHCb studies the Λb0 → pπ−π+π−  and 

Λb0 → pπ−K+K− (1st observation ) in 

regions of the phase space 

☞ Evidence for localised 

CP asymmetries at 3.3σ
N

ature Phys. 13 (2017) 391

Charm Decays

PR
L 118 (2017) 261803

Tiny expectations within the SM model 
Sensitivities have reached 10−3 − 10−4 
level!

Not evidence yet for CP in charm 

ex: Indirect CP D0→h+h−: 

and  many more!   



Concluding …
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Flavour Physics: a path into the PRECISION  FRONTIER  
➡ Precise measurements of flavour observables are a key 

element to test the Standard Model 
A comprehensive study in the heavy quark sector is emerging 
with many interesting results 
➡ “just” QCD is still surprising us with new states 
➡ CKM sector responding extremely well to the imposed tests 
➡ A few intriguing anomalies at the 2−4σ level in the b-sector 

involving leptons 
A flavourful run I in LHC! And run II is coming strong already

 …. and no prejudices: LHC experiments experimenting all roles   
CMS and ATLAS contributing “beautifully”  - competitive in key 
measurements with di-muons 

LHCb empowering itself in EW bosons, Higgs, heavy ions,…                                  
(not mentioned here) 
ALICE with many results on flavour production in pp collisions                          
(not shown here today)



Backups



J/𝜓  production @ 13 TeV - LHCb
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b-hadron cross-section at 7 and 13 TeV
Phys. Rev. Lett. 118, 052002 (2017)

Erratum being prepared, bug in simulation will affect low η @13 TeV, 
result will likely be in agreement with FONLL 
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Cancellation of uncertainties in x-section ratios



Λb
0 → Λc

+µ−𝜈µ  decay rate shape (LHCb)
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Decay described by 6 form-factors 
In HQET, these are expressed by the Isgur-Wise 
(IW) function 𝜉B(w) 

d�

dw
= GK(w)⇠2B(w) w =

m2
⇤0

b
+m2

⇤+
c
� q2

2m⇤0
b
m⇤+

c

Slope of 𝜉B(w)  at w = 1 (zero recoil)  - ρ2 :  predictions 
coming from different approaches 

Model ⇢2

Lattice 1 1.2+0.8
�1.1

QCD sum rules 2 1.35± 0.13
HQET 2 1.51

LHCb obtains  

ρ2 = 1.63± 0.07± 0.08

agrees well with predictions 
Lattice (grey) provides  very good description, as well as single form-factor (blue, 
HQET) 
Precise determination of |Vcb| in the future, with normalisation channel

LH
Cb-PA

PE
R

-2017-016

Preliminary

Preliminary

new



But very challenged due to the neutrinos in the final state 

LHCb reconstruct as τ→ πππ 𝜈 , with full run I data 

B(s)→ τ+ τ−
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PR
L 118 (2017) 251802

Best limit for B0→ τ+ τ−  and  First limit for Bs→ τ+ τ− :

B(B0
s ! ⌧+⌧�) < 6.8⇥ 10�3 @ 95%CL B(B0 ! ⌧+⌧�) < 2.1⇥ 10�3 @ 95%CL

Higher expected branching ratios than B(s)→ µµ 



KS → µ+µ−  search - LHCb
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KS has a very tiny BR predicted by the SM 

➡ a flavour-changing neutral current (FCNC) process, further supressed 
due to small CP violation;  dominated by long-distance effects

B(K0
S ! µ+µ�)SM = (5.0± 1.5)⇥ 10�12 Isidori et al, JHEP 01(2004) 009

New Physics (NP) with scalars could enhance the BR up to 10-10, with a 10-11  
observation not conflicting with present bounds in other FCNC processes  

new

Previous best limit set by LHCb (1 fb−1): 9.0×10−9  (90%CL)  

New LHCb analysis: full run I data (3 fb−1)

B(K0
S ! µ+µ�) < 1.0⇥ 10�9 ( 95%CL)

arX
iv:1706.00758



Observation of D0→ h+h− µ+µ−  - LHCb
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D0→ K+K− µ+µ− and D0→ π+π− µ+µ searched for with 2 fb−1 @ 8 TeV 

In the SM, short-distance contributions 
(away from resonances) expected at O(10-2) 
but long-distance effects, with resonances 
decaying to µµ, can enhance rates 
considerably 

First observation reported by LHCb!



The puzzled X(5568): new Bs
0 π±   state ?
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D0 observed a peak in the Bs0(→ J/𝜓 φ) π±  mass spectrum:
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Recently also seen using Bs0(→ Ds− µ+X )  π+ :

m = 5567.8± 2.9+0.9
�1.9 MeV � = 21.9± 6.4+5.0

�2.5 MeV

D
0 note 6496-CON

F

almost 9% of total Bs production 
coming X(5568)  !
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D0 observed a peak in the Bs0(→ J/𝜓 φ) π±  mass spectrum:
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Not seen by LHCb, 
not seen by CMS!

almost 9% of total Bs production 
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… and also in sin(2β)
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The discovery mode of CP violation in B 
mesons (BaBar and Belle) was B0→ J/𝜓KS : 
interference of mixing and decay  

=

 ∼sin(2β) C≈0



… and also in sin(2β)
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The discovery mode of CP violation in B 
mesons (BaBar and Belle) was B0→ J/𝜓KS : 
interference of mixing and decay  

newLHCb now includes J/𝜓(→e+e−)KS 
and 𝜓(2S)(→µ+µ−)KS  

=

S = +0.758± 0.034
➡ mild tension (2σ) with sin(2β) from the B-factories 
➡ improves the overall consistency with the CKM sector C = − 0.017± 0.029

LHCb-PAPER-2017-029

preliminarypreliminary preliminary

 ∼sin(2β) C≈0



Indirect CP violation in D0→h+h− 

PR
L 118 (2017) 261803

CP violation in charm
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Tiny effects! Tree diagram largely 
dominates over penguin  
Observation of asymmetries O(%) 
points towards NP long-distance effects 
difficult to estimate though  

LHCb has huge charm samples ➠  
unprecedent sensitivities 

CP violation in charm occurs in Cabibbo suppressed decays in the SM

Direct CPV in D0→ h+h−
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Tiny effects! Tree diagram largely 
dominates over penguin  
Observation of asymmetries O(%) 
points towards NP long-distance effects 
difficult to estimate though  

Sensitivities have reached 10−3 − 10−4 level!

LHCb has huge charm samples ➠  
unprecedent sensitivities 

CP violation in charm occurs in Cabibbo suppressed decays in the SM

Direct CPV in D0→ h+h−

PL
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most precise 
CPV measurement!



CP violation in baryons
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CP violation was not yet observed in 
baryon decays 
 LHCb studies the Λb0 → pπ−π+π−  and Λb0 → 
pπ−K+K− decays (1st observation ) 
CP observables: asymmetries in triple 
products of the type CT̂ = ~pp ·

⇣
~ph�

1
⇥ ~ph+

2

⌘

☞ Evidence for localised 

CP asymmetries at 3.3σ

➡ no evidence for integrated 
CP asymmetries in both 
channels 

Λb0 → pπ−π+π− studied in 
regions of the phase space:

Nature Phys. 13 (2017) 391


