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Heavy Flavour & New Physics 
●  How to search for New Physics in Heavy Flavour? 

–  Sensitive to NP appearing as virtual particles  in loop processes  
–  Observable deviations from SM expectations in  

CP violation (       ) and rare decays 

●  CKM mechanism 
–  Based on only 4 parameters - makes many precise SM predictions 
–  Only source of  CPV  in Standard Model 

 
–  Flavour changing neutral currents (FCNC) suppressed in SM 
–  When you have eliminated the impossible, whatever remains, however 

improbable, must be the truth? Sherlock Holmes 
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New Physics Flavour Problem 
●  Add new physics to SM Lagrangian 

–                        

●  Flavour transitions 
–  probe high mass scales 
–  parameterised in terms  

of operators, couplings 
and mass scales 

●  NP flavour problem 
–  If couplings ci ~1 

NP should have been seen  
–  particles have large 

masses >> 1 TeV or  
couplings are small ci << 1 & same as in SM 
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See: Isidori, Nir 
& Perez arXiv:1002.0900; 
Neubert EPS 2011 talk 

New physics ruled out 
from Λi=0 to somewhere 
in the blue boxes 

Le� = LSM +
ci
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i
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LHC and experiments 
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LHCb Experiment 
●  LHC is a flavour factory 

–  beauty quark cross section    
σbb ~ 300 (500) µb at √s = 7 (13) TeV, 

–  Very large charm cross section  σcc ~ 20 σbb  

●  LHCb 
–  dedicated experiment for heavy flavour physics 
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LHCb Performance 

●  Very successful Run-1 
–  LHCb operated at luminosities up to  

L = 4x1032  cm-2 s-1 
2x design luminosity 

–  Average # of visible interactions/
crossing µ = 1.4 (nominal 0.4) 

–  Integrated ∫Ldt ~ 3 fb-1 on tape 
–  91% data taking efficiency 
–  ~ 5 kHz of physics data to tape 
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2010 

2011 

2012 

2012 8 TeV 2.1 fb-1 

2011 7 TeV 1.1 fb-1 

2010 7 TeV 0.038 fb-1 

Luminosity levelling 

Int. J. Mod. Phys. A 30, 1530022 (2015) 



Rare Decays 
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Rare decay Bs → µ+µ– 

●  Decay highly suppressed in SM 
–  CKM  and  helicity suppressed 
–  Predicted SM branching ratio 
–  BR (Bs → µ+µ–) = (3.66 ± 0.23) × 10-9  
–  BR (B0 → µ+µ–) = (1.06 ± 0.09) × 10-10  

●  Very sensitive to new physics 
–  Strongly enhanced in  

MSSM models 
–  Rate ∝ tan6β/MH 
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LHCb+CMS combination 
68%, 95% C.L. 

[D. Straub http://arxiv.org/abs/1205.6094]

Observation of Bs → µ+µ– 
●  LHCb and CMS joint paper 

–  Observe  Bs → µ+µ– at 6.2σ significance 
–  BR(Bs → µ+µ– ) = (2.8 +0.7-0.6) x 10–9  
–  3σ evidence for Bd → µ+µ–  

–  BR(Bd → µ+µ– ) = (3.9 +1.6-1.4) x 10–10  
●  Implications 

–  NP SUSY models with  
large tan β ruled out 
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LHCb: Phys. Rev. Lett. 111 (2013) 101805 
CMS:  Phys. Rev. Lett. 111 (2013) 101804 
Nature (2015) 522, 68–72 

D.M. Straub, arXiv:1205.6094  



Observation of Bs → µ+µ– 
●  ATLAS measurement 

–  BR(Bs → µ+µ– ) = (0.9 +1.1-0.8) x 10–9  
–  BR(Bd → µ+µ– ) < 4.2 x 10–10 @ 95% C.L. 
–  Consistent with SM prediction at 2σ 

FPCapri2016, 11/06/2016 Franz Muheim 10 

ATLAS: arXiv:1604.04263 
Submitted to EPJC 



Angular Analysis in B0 → K*0µ+µ- 
●  B0 → K*0µ+µ- 

–  Clean SM predictions 
–  sensitive to NP 
–  Clean signature 
–  Low branching ratio O(10-6) 
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2398 ± 57 events 

LHCb-PAPER-2015-051, arXiv: 1512.04442 
JHEP 02 (2016) 104 

is obtained from a fit to the mK⇡µµ spectrum using the same q

2 range as for the fit to250

determine the mK⇡µµ mass shape parameters, as described in Sec. 5, but for an mK⇡ range251

796 < mK⇡ < 996 MeV/c2. This yield has to be corrected for the S-wave fraction within the252

narrow mK⇡ window of B0! J/ K

⇤0 decays, F J/ K⇤0

S

. The value of F J/ K⇤0

S

is obtained253
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, R✏ and nK⇤0µ+µ� correspond to quantities measured within the relevant q2265

bin. The branching fraction B(B0 ! J/ K

⇤(892)0) obtained from Ref. [46] is266

B(B0 ! J/ K

⇤(892)0) = (1.19± 0.01± 0.08)⇥ 10�3

,

where the first uncertainty is statistical and the second systematic. The branching fraction267

for J/ ! µ

+

µ

� decays is taken from Ref. [42]. The resulting di↵erential branching268

fraction is shown in Fig. 5. The uncertainties given are a quadratic sum of statistical and269

systematic uncertainties and the bands shown indicate the SM prediction from Refs. [47,48].270

The results are also reported in Table 2. The various sources of systematic uncertainties271

are described in Sec. 8.272
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0! K

⇤(892)0µ+

µ
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sum over the eight q2 bins. To account for the fraction of signal events in the vetoed q

2

274
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is determined using the calculation in Ref. [49] and form factors from Ref. [50]. The276
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Angular Analysis in B0 → K*0µ+µ- 
●  Many angular observables 

–  P→ VV’ decay described by 
q2 =  m2 (µµ) invariant mass 
and 3 helicity angles 

–  Forward Backward Asymmetry AFB  
–  K*0 longitudinal polarisation FL 

–  Asymmetries  Si  
–  Differential decay rate 

●  LHCb measurements 
–  of all independent observables 
–  Shown are AFB and FL 
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LHCb-PAPER-2015-051, arXiv: 1512.04442 
JHEP 02 (2016) 104 

FL 

q2 

AFB 



Angular Analysis in B0 → K*0µ+µ- 
●  New observable basis 

–  form factor independent 

●  LHCb anomaly 
–  Tension in P5’ first seen  

in 1 fb-1 remains in 3 fb-1  
–  Fit to all observables  

has 3.5 σ discrepancy  
to SM 

–  New Physics contribution to Wilson  coeff. C9 or QCD? 
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€ 

Pi=4,5,6,8
' =

Si=4,5,6,8
FL (1− FL )

Descotes et al, arXiv:1307.5683 

q2 

2.8σ, 3.0σfrom SM   

P5’ 

LHCb-PAPER-2015-051, arXiv: 1512.04442 
JHEP 02 (2016) 104 



Lepton Flavour Universality 
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B+ → K+l+l- 
●  Lepton universality in SM 

–  Couplings identical for b → s l+l- 
–  Expect unity for branching ratio R(K) 

●  LHCb measusrement 
–  R(K) = 0.745 ±  0.090 ± 0.036 
–  2.6σ deviation 

●  Interpretation 
–  Statistical fluctuation or  

new physics in b → sµ+µ- ? 
–  Related to 2.4σ excess 

in H→ τµ at CMS ? 
●  Future plans 

–  Measure R(K*), R(φ),  R(Λ) 
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LHCb-PAPER-2014-024, PRL 113,151601 (2014) 

RK =
B(B+ ! K+µ+µ�)

B(B+ ! K+e+e�)
= 1±O(10�2



B0 → D*+τ-ν 
●  Challenge at hadron collider 

–  No mass peak and large background 
–  Use τ-→ µ-νµντ  final state  
–  Missing mass squared and  

muon energy in B rest frame 
–  Use superb LHCb tracking  

to remove backgrounds  
–  Same  final state for  

signal and normalisation 

 
●  LHCb Measurement 

–   R(D*) = 0.336 ± 0.027 ± 0.030 
–  2.1 σ deviation from SM 
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B0+ → D*+τ-ν, D0τ-ν 
●  Excess by Belle and Babar 

–  Cannot be explained by  
Higgs doublet model 

●  Current Status  
–  Measurement by LHCb in 2015 
–  Update by Belle in 2016 
–  Average is  

4.0 σ deviation from SM 

●  Plans 
–  LHCb is also measuring  

hadronic tau final states 
–  Belle-II 
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Summary for B→D
(*) τ ν

R (D) = 0.440 ± 0.058± 0.042

R (D*) = 0.332± 0.024 ± 0.018

R (D) = 0.375± 0.064 ± 0.026

R (D*) = 0.293± 0.038± 0.015

R (D*) = 0.336± 0.027 ± 0.030

R (D) = 0.391 ± 0.041 ± 0.028

R (D*) = 0.322 ± 0.018 ± 0.012

average

difference with SM predictions
is at 3.9σ level

R (D) = 0.297± 0.017, J.F.Kamenik et al, arXiv :0802.3790

R (D*) =0.252 ± 0.003, S. Jajfer et al , arXiv :1203.2654

BaBar

Belle

LHCb

  45

B→D(*)τν at Belle  

● Reconstruct one B in Υ(4S)→BB event
– Either hadronic (PR D92 (2015) 072014) or semileptonic 

(arXiv:1603.06711) decay mode 
● First application of semileptonic tagging for B →D(*)τν

– Look for signal in the recoil

 PR D92 (2015) 072014
&  arXiv:1603.06711

Tim Gershon
Precision measurements

NN > 0.8

R(D*) = 0.302 ± 0.030 ± 0.011Belle 2016  



CP Violation 
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CP Violation in Bs→J/ψϕ 
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●  Weak phase ϕs  
–  Small SM prediction  ϕs = -36.3 ± 1.3 mrad  
–  Sensitive to NP in Bs mixing and decay 

●  LHCb golden mode Bs→J/ψϕ(KK) 
–  fit to Bs mass, decay time and angular distributions 

–  Additional  
LHCb modes  
BsàJ/ψπ+π-  
BsàDs

+Ds
-  

3 fb-1, LHCb-PAPER-2014-059 PRL 114, 041801 (2015)  

1 fb-1, PRD 87, 112010 (2013) 

0.37 fb-1, PRL 108, 101803 (2012) 

ϕs = -0.058 ± 0.049 ± 0.006 rad 

|λ| = 0.964 ± 0.019 ± 0.007 

ΔΓs = 0.0805 ± 0.0091 ± 0.0015 ps-1 

Γs = 0.6603 ± 0.0027 ± 0.0033 ps-1 
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CP Violation in Bs → J/ψϕ 
●  Weak phase ϕs  status 

–  Early measurements by CDF & D0 
(in 2009) 2.3σ discrepancy with SM 

–  ATLAS, CMS and LHCb results in 2015 
–  LHCb dominates world average  
–  ϕs = −0.034 ± 0.033 rad 

ΔΓs = 0.082 ± 0.006 ps−1  
–  No New Physics >> SM  

●  LHCb Plans 
–  Quadruple data set in run 2 
–  LHCb upgrade after 2020 
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-ϕs = 2βs 

ΔΓs 

ϕs 

ΔΓs 



CP Violation in Bs Mixing 
●  Semileptonic asymmetry 

–  measures   CPV in mixing 
–  very small in SM 

●  asl at LHCb 
–  Time-integrated asymmetry 

in Bs →Ds
-µ+ν, new 3/fb 

 
–  as

sl = (0.39±0.26±0.20)% 

–  Time-dependent asymmetry 
in Bd →D(*)-µ+ν 

–  ad
sl = (−0.02 ± 0.19 ± 0.30)% 

–  ~3.0 σ deviation by DO 
FPCapri2016, 11/06/2016 Franz Muheim 21 

LHCb-PAPER-2014-053, PRL 114 (2015) 041601 € 

asl
d = −4.1± 0.6( )⋅ 10−4

asl
s = +1.9 ± 0.3( )⋅ 10−5

Lenz, Nierste, arXiv:1205.1444  
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New: LHCb-PAPER-2016-013, arXiv:1605.09768 



Bs Lifetimes 
●  Measurements of Bs lifetimes consistent with SM prediction 

–  Bs→J/ψϕ(KK) most precise 
–  Flavour specific decays, Bs →Ds

- µ+ν X 
–  Pure CP even or CP odd eigenstates 
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Bs Lifetimes 
●  Bs→J/ψη(→γγ) 

–  CP odd eigenstate 
–  Measure lifetime τL of  Bs,light 

 
–  In agreement with SM precition 
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New: LHCb-PAPER-2016-017, to be submitted 
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New Physics in Bs Mixing 
●  Implications 

–  Use parameterisation M12 = M12
SM Δs 

–  ϕs  and ϕd  (aka ϕ1 or sin2β) limit NP (to ~30% at 3σ for ϕs) 
–  Need to control hadronic uncertainties (penguin pollutions) 
–  More data required 

FPCapri2016, 11/06/2016 Franz Muheim 24 



Unitarity Triangle 
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Marco Ciuchini Page 12 KEK-FF 2013 

 ρ = 0.142 ± 0.019 η = 0.348 ± 0.013   2015 results 

Consistence on an 
over constrained fit 

of the CKM parameters 

CKM matrix is the dominant source of flavour mixing and CP violation 

In the 
hadronic 
sector,  the 
SM CKM  
pattern 
represents 
the 
principal 
part of the 
flavor 
structure 
and of  CP 
violation  

 α = (90.5 ±  2.6 )0  
sin2β = 0.691 ± 0.018 
β = (21.82  ±  0.72 )0  
γ = (67.4 ±  2.7)0  
A = 0.828 ± 0.012

 λ = 0.22549 ± 0.00066 
 

|Vub/Vcb| 



|Vub| with Λb→ pµν  
●  LHC is a Λb factory 

–  B0:Bs
0:Λb ∼ 4:1:2 in LHCb acceptance 

–  Large Λb production cross section 

●  LHCb method 
–  Λb→ pµν is cleaner than B0 → πµν  
–  Challenge ist to separate  

b → uµν  from b → cµν  

with isolation BDT  

●  Corrected mass 
–  Minimum mass consistent compatible  

with B-hadron flight direction 

FPCapri2016, 11/06/2016 Franz Muheim 26 

|V
ub

|/|V
cb

| from ⇤0
b

! pµ�⌫̄

[LHCb, Nature Physics 3415 (2015) , arXiv:1504.01568]
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The LHC is a ⇤0
b factory: B

0:B0
s :⇤

0
b ⇠ 4:1:2

in LHCb acceptance.

Key to finding ⇤0
b ! pµ⌫ is the

corrected mass
mcorr =

q
m

2 + p

2
? + p?, the

minimal b-hadron mass compatible
with its direction of flight.

4 First observation of ⇤0
b ! pµ⌫

Patrick Koppenburg CP Violation and CKM Physics 29/7/2015 — EPS-HEP [45 / 50]



|Vub| with Λb→ pµν  
●  LHCb measurement 

–  Measure ratio |Vub|2 /|Vcb|2  
–  Many systematic uncertainties cancel 
–  Need Lattice calculation for form factor 

FPCapri2016, 11/06/2016 Franz Muheim 27 

Nature Physics 10 (2015) 1038  
 
 

|Vub| using ⇤b ! pµ⌫µ [Nature Physics 10 (2015) 1038]

To cancel many systematic uncertainties
we measure the branching ratio relative
to ⇤b ! ⇤cµ⌫µ, ⇤c ! pK⇡.

) Must use global |Vcb| average as input.

Lattice QCD input is crucial [Meinel

arXiv:1503.01421].

Fit corrected mass (peaks at m(⇤b))

|Vub|2
|Vcb|2 =

B(⇤b!pµ⌫)q2>15GeV

B(⇤b!⇤cµ⌫)q2>7GeV
RFF

mcorr =
q

m2
hµ + p2

T + pT

⇠ 18k

⇤b ! pµ⌫µ

⇠ 34k

⇤b ! ⇤cµ⌫µ

|Vub| = (3.27 ± 0.15(stat) ± 0.17(syst) ± 0.06(theory)) ⇥ 10�3

38 / 60

Meinel, Wingate, arXiv:1503.01421] 
 
 

~18k 
Λb→ pµν  

~34k 
Λb→ Λcµν  



|Vub| Status 
●  |Vub| discrepancy remains 

–  Exclusive LHCb measurement is 3.5σ from inclusive 
–  Systematic uncertainty limited by lattice calculation 
–  Λb→ pµν has different sensitivities on right handed currents  

than B → πµν  
–  Right-handed currents disfavoured by combination 

FPCapri2016, 11/06/2016 Franz Muheim 28 



Charm 
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●  LHCb result 
–  First observation  of D0-D0 Mixing  

in D0 → K- π+π-π+ decays  
–  RD

K3π = (5.67 ± 0.12) × 10-2  
–  RD

K3π y’ = (0.3 ± 1.8) × 10-3 

–  useful input for γ measurement 

Mixing in D0
 → K-π+π-π+ 

FPCapri2016, 11/06/2016 Franz Muheim 30 

11.4 M 

42.5 k  

D0 → K- π+π-π+ 

D0 → K+ π-π+π- 

New: LHCb-PAPER-2015-057, arXiv:1602.07224 

WS/RS 



CP violation in D0
 → K-K+, π-π+  

●  No evidence for CP violation 
–  In charm system- whether in mixing,  

decay or mixing-decay interference 
–  New: ΔACP = (−0.10 ±0.08 (stat.) ±0.03 (syst.))%  prompt D* 
–           ΔACP = (0.14 ±0.16 (stat.) ±0.08 (syst.))%  B → D0µ±X  
–  Both full run-1 data 3fb-1 

●  HFAG average 
–  Agreement with  

no CP violation at 
CL = 6.5x10−2  

FPCapri2016, 11/06/2016 Franz Muheim 31 

New: LHCb-PAPER_2015-055, PRL 116 (2016) 191601 

LHCb-PAPER_2014-069, JHEP 04 (2015) 043 
 



Exotic Spectroscopy 

FPCapri2016, 11/06/2016 Franz Muheim 32 



Pentaquarks 
●  Pentaquarks 

–  First suggested by Gell-Mann in seminal quark paper (1964)  
–  QCD allows existence of Pentaquarks 

●  Status 2014 
–  ~2004 several previous  “observations” of pentaquark states 
–  All claims refuted 
–  Could Pentaquark be produced  

in B-baryon decays?  

●  Λb→ J/ψK-p decay 
–  First looked for as backgrnd in Bs→J/ψφ	


–  Large signal found 
–  Used to measure Λb lifetime 
–  Dalitz plot shows unusual feature 

FPCapri2016, 11/06/2016 Franz Muheim 33 

m2(J/ψp) 

m2 (K-p) 

LHCb-PAPER-2015-029, arXiv:1507.03414 
Phys. Rev. Lett. 115 (2015) 072001 



Pentaquarks 
●  Two Pentaquark states observed in  

Λb→ J/ψK-p decay 
–  6-dim Fit to sum of amplitudes 
–  Fit to Λ* → K-p resonances only 

not sufficient to describe data 
–  Two Pc states (c cbar u u d) required 

FPCapri2016, 11/06/2016 Franz Muheim 34 

Pentaquarks [PRL 115 (2015) 072001]

Two pentaquark states observed in ⇤b ! J/ pK�

6D amplitude fit performed (coherent sum of
resonant states).

Fit quality insu�cient if only using ⇤⇤ ! pK
resonances.

Need two Pc states of opposite parity.

Pc(4380)
+ Pc(4450)

+

JP 3
2
� 5

2
+

Mass [MeV/c2 ] 4380 ± 8 ± 29 4449.8 ± 1.7 ± 2.5
Width [MeV/c2 ] 205 ± 18 ± 86 39 ± 5 ± 19
Significance 9� 12�

Behaves like
a resonance Expected Breit-Wigner

Prospect first raised 50
years ago by Gell-Mann,
Zweig.

LHCb states have quark
content ccuud

42 / 60

→ Breit-Wigner resonances 

Argand diagrams 

m2(J/ψp) 

m2 (K-p) 

LHCb-PAPER-2015-029, arXiv:1507.03414 
Phys. Rev. Lett. 115 (2015) 072001 



●  Two Pentaquark states observed  
in Λb→ J/ψK-p decay 
–  confirmed by model independent analysis 
–  no assumption on Λ* resonances  
–  Λ* not sufficient to describe data 

●  Search for Pentaquark states  
in Λb→ J/ψpπ- decays 
–  Observation of same two Pc states would confirm exotic nature 
–  Two decay diagrams will interfere 

Pentaquarks 
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New: LHCb-PAPER-2016-009, arXiv:1604.05708  
Submitted to PRL 

m2(J/ψp) 

Evidence for exotics in Λb→J/ψpπ± [LHCb-PAPER-2016-015]

• Observations of the same two !"+ states in another decay could imply they are 
genuine exotic baryonic states, other than kinematical effects, e.g. so-called 
triangle singularity. [arXiv:1512.01959]

9

NEW!

[LHCb JHEP 1407, 103 (2014)]

[Cheng et al. PRD 92, 096009 (2015)]



●  Evidence for Pentaquark states  
in Λb→ J/ψpπ- decays 
–  Fit to Ν* → π-p resonances only not sufficient to describe data 
–  Model with two Pc states gives good fit  
–  3.3σ evidence for both Pc states 
–  Possible Zc (4200) tetraquark  →  Combined evidence for two Pc states 

and Zc(4200) reduces to 3.1σ     →   more data required 

Pentaquarks 
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New: LHCb-PAPER-2016-015,  
To be submitted to PRL 

Fit results [LHCb-PAPER-2016-015]

14

m(pπ) > 1.8 GeV

NEW!

Pc(4450)
Pc(4380)

• N* only model not a good fit. RM model + 2xPc or Zc or 
both gives good fit. 

• 3.3σ evidence for both Pc states. 3.1σ if 2xPc + Zc in fit. 

• Main systematics from fixed Pc/Zc mass/width parameters, 
N* model and Pc spin.
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m(pπ) > 1.8 GeV

NEW!

Pc(4450)
Pc(4380)

• N* only model not a good fit. RM model + 2xPc or Zc or 
both gives good fit. 

• 3.3σ evidence for both Pc states. 3.1σ if 2xPc + Zc in fit. 

• Main systematics from fixed Pc/Zc mass/width parameters, 
N* model and Pc spin.

m2(J/ψp) M2(pπ) 
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X(5568)? 
●  Tetraquark candidate X(5568) 

–  D0@Tevatron claims 5.1σ evidence  
for  X(5568)+ → Bs π+ 

–  Rate R = (8.6±1.9±1.4)% of Bs production 

●  LHCb  
–  20 times larger data set 
–  Sees nothing, R < 0.01 @ 95% C.L. 
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FIG. 2: The combined background for the m(B0
sπ

±) distri-
bution described in the text and the fit to that distribution
with the cone cut and without the cone cut.

The B0
sπ

± invariant mass spectrum is shown in
Fig. 3(a) with the cone cut and (b) without the cone cut.
An enhancement is seen near 5.57 GeV/c2. To extract
the signal parameters, the distributions are fitted with a
function F (Eq. 2) that includes two terms: the back-
ground term Fbgr(mBπ) with fixed shape parameters as
in Fig. 2 and the signal term Fsig(mBπ,MX ,ΓX), mod-
eled by a relativistic Breit-Wigner function convolved
with a Gaussian detector resolution function and with
the mass-dependent efficiency of the cone cut [10]. Here
MX and ΓX are the mass and the natural width of
the resonance. The Gaussian width parameter σres =
3.8 MeV/c2 is taken from simulations.
The fit function has the form:

F = fsig ×Fsig(mBπ,MX ,ΓX) + fbgr ×Fbgr(mBπ), (2)

where fsig and fbgr are normalization factors.
We use the Breit-Wigner parametrization appropriate

for an S-wave two-body decay near threshold:

BW (mBπ) ∝
M2

XΓ(mBπ)

(M2
X −m2

Bπ)
2 +M2

XΓ2(mBπ)
. (3)

The mass-dependent width Γ(mBπ) = ΓX · (q1/q0) is
proportional to the natural width ΓX , where q1 and q0
are three-vector momenta of the B0

s meson in the rest
frame of the B0

sπ
± system at the invariant mass equal to

mBπ and MX , respectively.
In the fit shown in Fig. 3a, the normalization pa-

rameters fsig and fbgr and the Breit-Wigner parame-
ters MX and ΓX are allowed to vary. The fit yields
the mass and width of MX = 5567.8 ± 2.9 MeV/c2,
ΓX = 21.9±6.4 MeV/c2, and the number of signal events
of N = 133± 31. As the measured width is significantly
larger than the experimental mass resolution, we infer
that X(5568) → B0

sπ
± is a strong decay. The statistical

significance of the signal is defined as
√

−2 ln(L0/Lmax),
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FIG. 3: The m(B0
sπ

±) distribution together with the back-
ground distribution and the fit results (a) after applying the
cone cut and (b) without the cone cut.

where Lmax and L0 are likelihood values at the best-fit
signal yield and the signal yield fixed to zero. The ob-
tained local statistical significance is 6.6σ for the given
mass and width values. With the look-elsewhere effect
[11] taken into account, the global statistical significance
is 6.1σ. The search window is taken as the interval be-
tween the B0

sπ
± threshold (5506 MeV/c2) and the B0

dK
±

mass threshold (5774 MeV/c2).
We also extract the signal from the m(Bsπ±) distribu-

tion without the ∆R cone cut, fixing the mass and nat-
ural width of the signal and the background mass shape
to their default values. We see a tendency for data to
exceed background for m(Bsπ±) > MX [10]. We per-
form a fit in the restricted range m(B0

sπ
±) < 5.7 GeV/c2
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X(4140) 
●  X(4140) 

–  J/ψϕ  structure in 
B- → J/ψϕ K-  decays 

–  Seen (first by CDF) 
or not seen by  
several experiments 

 
●  New LHCb measurement 

–  4 visible Breit-Wigner 
structures required 

–  Lowest state fits best  
with Ds Ds

* cusp 
–  Also consistent with  

wide X(4140) 
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Results of fit: m(J/ψφ) 

28 Recontres de Blois, June 2, 2016

36 

n    4 visible structures fit with BW amplitudes 

}X0 

 

m=4147 MeV 
Γ=80 MeV 

Preliminary 

over Monte Carlo events passed through the detector simulation, which implements 6D67

e�ciency corrections without need of parameterization. We use B+ mass sidebands to68

obtain a 6D parameterization of the background PDF [27].69

 [MeV]φψJ/m
4100 4200 4300 4400 4500 4600 4700 4800

C
an

di
da

te
s/

(1
0 

M
eV

)

0

20

40

60

80

100

120
data
total fit (K*s)
backgroundLHCb

Figure 1: Distribution of m
J/ �

for the data and the fit with a model containing only K⇤+ ! �K+

contributions.

Past experiments on K⇤ states decaying to �K [33–35] had limited precision and70

provided evidence for only a few of the states expected from the quark model in the71

1513-2182 MeV range probed in our data. We have used the predictions of the relativistic72

potential model by Godfrey–Isgur [36] (black solid dashes in Fig. 2) as a guide to the73

quantum numbers of the K⇤+ states to be included in the amplitude model. The masses74

and widths of all states are left free, thus our fits do not depend on details of the predictions,75

nor on previous measurements which are somewhat inconsistent with each other. We also76

include a constant nonresonant amplitude with JP = 1+ since such �K+ contributions77

can be produced and decayed in S-wave. Allowing the magnitude of the nonresonant78

amplitude to vary with m
�K

does not improve fit qualities. While it is possible to describe79

the m
�K

and m
J/ K

distributions well with K⇤ contributions alone, the fit projections80

onto m
J/ �

do not provide an acceptable description of the data. An illustration is shown81

in Fig. 1, in which we show a fit with the following composition: a nonresonant term plus82

candidates for two 2P1, two 1D2, and one of each of 13F3, 13D1, 33S1, 31S0, 23P2, 13F2,83

13D3 and 13F4 states, labeled here with their intrinsic quantum numbers n2S+1L
J

(n -84

radial quantum number, S - total spin of the valence quarks, L - orbital angular momentum85

3
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New: LHCb-PAPER-2016-018,  
To be submitted to PRL 



LHC & LHCb - Run 2 
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LHCb Run 2 
●  LHC restarted in 2015 

–  Operated successfully  
at √s = 13 TeV 

–  2016 plan is collect data 
●  LHCb restarted in 2015 

–  All detectors fully operational 
–  Deployed new trigger scheme 
–  2016 plan is collect data 

●  2015 data 
–  Dimuon mass spectrum 
–  b and charm quark production 

published 

●  2016 data 
–  D0 → K- π+  

with turbo trigger 

FPCapri2016, 11/06/2016 Franz Muheim 40 

LHCb-PAPER-2015-037, JHEP 10 (2015) 172 
 LHCb-PAPER-2015-041, JHEP 03 (2016) 159 

µ+µ- mass  

Charm:  
D0 → K- π+ 



Conclusions 
●  LHCb and Flavour physics at the LHC are a huge success 

–  Unprecented data samples allow measurements in 
new areas, e.g. Bs and baryon 

–  Precision measurements of CP violation and rare decays 
–  Large NP ruled out in many flavour physics observables 
–  A few deviations to SM at 2σ to 3σ (4σ when including B factories)  
–  NP or statistical fluctuations? → more data  is required 

●  LHCb Highlights include  
–  Observation of Bs→µµ   
–  3σ discrepancy in angular analysis of B0→K*0µµ (B+→Kll) 
–  Measurement of Vub  in Λb→pµν 
–  Most precise measurement of ϕs  in Bs→J/ψϕ  
–  ~2.4σ and 2.1σ evidence for LFU Violation in B+→Kll and B → D*+τ-ν	



–  Observation of pentaquark states 
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Backup 
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CP Violation in Bs→ϕϕ 
●  Bs→ϕϕ is golden mode for upgrade 

–  probe CP violating weak phase ϕs   
in hadronic Bs penguin decays 

–  Sensitive to new physics  
in decay amplitude 

–  Prediction for ϕs very close to zero 

●  LHCb results on Bs→ϕϕ  
–  ϕs = -170 ± 150 ± 30 mrad  

●  LHCb upgrade 
–  Sensitivity σ(ϕs) ~0.02 
–  Comp. to σ(ϕs, theory) ≤ 0.02 
–  Non zero ϕs result è New Physics  
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Z(4430)- Resonance 
●  Status 

–  Z(4430)- → ψ(2S)π-  observed by Belle  
in B0 → ψ(2S) K+π- decays 

–  not seen by BaBar 
–  charged state, not described by quarkonia model  
–  quark content          ?  

FPCapri2016, 11/06/2016 Franz Muheim 44 

PRD88 (2013) 074026 

PRD79 (2009) 112001 
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cc ud 

K*(892) K2(1430) 
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Z(4430)- Resonance 
●  LHCb confirms Z(4430)- 

–  Observation of the resonant character of the Z(4430)- state 

●  Measurement based on 4-dim amplitude fit 
–  highly significant Z(4430)- state is  required  
–  spin-parity is unambiguosly 1+  
–  Consistent with a tetraquark state 

FPCapri2016, 11/06/2016 Franz Muheim 45 

M (ψ(2S)π-) 

model independent 

LHCb-PAPER-2014-014, arXiv:1404.1903 
Phys. Rev. Lett. 112 (2014) 222002 

Z component 

No Z  

Argand diagram  
→ Breit-Wigner resonance 

Re A(Z) 



LHC & LHCb - Run 2 
●  LHC restarted in 2015 

–  Operated successfully  
at √s = 13 TeV 

–  25 ns bunch crossing,  
–  2244 bunches 

●  LHCb restarted in 2015 
–  All detectors fully operational 
–  Deployed new trigger scheme 

–  Online calibration and alignment 
–  Offline reconstruction in High 

Level Trigger! 
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Results at √s = 13 TeV 
●  b quark  and charm production 

–  Cross sections agree with expectations 

FPCapri2016, 11/06/2016 Franz Muheim 47 

LHCb-PAPER-2015-037, JHEP 10 (2015) 172 
 LHCb-PAPER-2015-041, JHEP 03 (2016) 159 

Charm:  
D0 → K- π+ 

J/ψ → µ+µ- 

µ+µ- mass  µ+µ- time 

b cross section vs √s  

charm cross section vs pT  



The End 
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