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Prologue 
☐  Some “case studies” will be presented to 

motivate brainstorming on future 
opportunities 

☐  Experimental details on the measurements 
presented will be uneven 

☐  This talk is not meant as a compendium of 
LHCb contributions to flavor physics! 
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LATTICE INPUT TO MEASURE QUARK 
MIXING PARAMETERS VUB AND VCB 
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Vxb and semileptonic b decays 
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(Γ,dΓ/dq2…= |Vub|2x (Hadronic matrix element)x(known factors)  
 

Lattice QCD,LC sum rules, 
HQE..  

“exclusive” study a 
specific final state 

q2=m2(µν) 

Experimental 
observables 

What we 
want to 
know 

“inclusive” study an inclusive 
property of the decay (Eµ, 
Mhad,q2) 

Illustration 
focused on 
Vub, change 
u➛c for Vcb. 



Tension between inclusive and 
exclusive determinations of Vxb 

☐  Failure LQCD & Sum rules to predicted 
exclusive form-factors correctly? 

☐  Failure of the HQE to evaluate the 
hadronic matrix element correctly? 

☐  New physics? 
Additional information needed! 
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Inclusive Exclusive 
Vcb (42.2±0.6)x10-3 (39.5±0.8)x10-3 

Vub (4.41±0.15        )x10-3 (3.28±0.29)x10-3 

PDG2014 

+0.15 
-0.17 



Why Λb semileptonic decays? 
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q Use of b-baryon decays 
provides complementary 
information to B mesons 

q At LHCb Λb are produced 
copiously  



|Vub/Vcb| from Λb➛pµν/Λb➛Λcµν
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1)  Kinematic constraints allow 
determination of magnitude of 
Λb momentum (modulo 2-fold 
ambiguity) 

2)  LHCb determines the ratio 
Λb➛pµν/Λb➛Λcµν in high q2 
region 
➯  Minimize background from 

Cabibbo favored decays in 
Λb➛pµν

➯  Use region where lattice 
predictions are expected to 
be more reliable 

3)  Use normalization 
factor derived 
from Lattice QCD 
calculation to 
extract |Vub/Vcb| 2 

 

Λb 

Λc 



The Λb➛pµν signal at LHCb 

8 

Cabibbo favored decays typically have additional tracks 
forming a good secondary vertex with the proton emitted in 
the semileptonic decay➯train multivariate classifier to 
distinguish between these two configurations, get 90% 
rejection & 80% efficiency 

Excellent 
PID allows p 
identification 



The corrected mass 
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☐  Displaced vertex 
information allow to 
define the corrected 
mass 

☐  Mcorr is used to 
disentangle different        
fit components 

☐  Uncertainty in Mcorr is 
used to discriminate 
between signal and 
background 

Mcorr = M pµ
2 + p

⊥
2 + p

⊥

Mcorr peaks at Λb 
mass! 

arXiv:1504.01568 
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Experimental result 
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Rexp ≡
B(Λ b

0 → pµ−ν µ )
q2≻15GeV 2

B(Λ b
0 →Λ c

+µ−ν µ )
q2≻7GeV 2

= 1.0±0.04(stat)±0.08(syst)( )×10−2

arXiv:1504:01568 



Theory input  
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arXiv:1503.01421v3 
Detmold,Lehner,Meinel 

q  Most recent calculation 
uses 2+1 flavors of 
dynamical domain-wall 
fermions, RBC & 
UKQCD 
configurations & q2 
dependence 
parameterized with z-
expansion 

q  LHCb uses q2>15 
GeV2 for Λb➛pµν and 
q2>7 GeV2 Λb➛Λcµν  

➯Most reliable theory 
prediction  



  

RTH ≡

1

Vub

2

dΓ(Λ b
0 → pµν µ )

dq2
15GeV 2

qmax
2

∫ dq2

1

Vcb

2

dΓ(Λ b
0 →Λ c

0µν µ )

dq2
7GeV 2

qmax
2

∫ dq2

=
(12.31±0.76±0.77) ps−1

(8.37±0.16±0.34) ps−1
=1.471±0.095±0.110

Theory input II 
☐  Theory normalization 
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arXiv:1503.01421v3 

4.9% theoretical error on 
|Vub/Vcb| 

  

Γ(Λ b
0 →Λ c

+µν µ )

Vcb
2

= (21.5±0.8±1.1) ps−1

  

Γ(Λ b
0 → pµν µ )

Vub
2

= (25.7±2.6±4.6) ps−1

Using the full Γc width, theoretical 
error on |Vcb| 3.2%,  using Γc in 

  q
2 ≥ 7GeV 2 region, 

theoretical error 2.2% 
 



Vub 
☐  Using: 

 
LHCb gets: 
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Vub =Vcb

excl Rexp / RTH =Vcb
excl (1.0±0.04±0.08)×10−2

1.471±0.095±0.110

  
Vub = (3.27±0.15±0.16±0.06)×10−3

exp lattice Vcb norm. 

  
Vcb

excl = (39.5±0.8)×10−3 PDG2014 

and 

arXiv:1504.01568 

Next: study different q2 regions 
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© 2015 Andreas Kronfeld, Fermi National Accelerator Laboratory

|Vub|/|Vcb| (latQCD + LHCb)
|Vub| (latQCD + BaBar + Belle)
|Vcb| (latQCD + BaBar + Belle)
|Vcb| (latQCD + HFAG, w = 1)
p = 0.19
∆χ

2 = 1
∆χ

2 = 2
inclusive |Vxb|
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inclusive Compilation and fit 
by A. Kronfeld 

predictions w/o Vub & Vcb 
Utfit eps2015 

|Vxb| current status 



THEORY VALIDATION 
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Lattice QCD & experiment II 

☐  Quoting A. Kronfeld “Any large scale 
computer endeavor is a bit inscrutable, so 
it becomes more persuasive if the code’s 
combination of principle and pragmatism 
can make predictions” 

☐  How can we do more? 
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Remembering the good old times 
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Examples on where we can follow this 
path 
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arXiv:1503.01421v3 
Detmold,Lehner,Meinel 
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Placeholder for Λb➛Λcµν 
Study currently under review 
within the collaboration:  
q  note access to full q2 (w) 

region 
q  Final result with 3fb-1 
q With normalization mode & 

lattice input |Vcb| 

arXiv:1111.2357 L=3pb-1 



HADRONIC MATRIX ELEMENT AND 
NEW PHYSICS 
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B➛D*τν at LHCb 

☐  Approximation to determine B momentum 
(18% B momentum resolution, moderate effect on relevant kinematic variables) 
☐  Use isolation TMVA to discriminate between signals and variety of backgrounds 

21 

   
γβz( )B

∼ γβz( )D*µ



B momentum approximation 
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𝜇 
MC B momentum 

Approximate B  
momentum 

  mmiss
2 (GeV 2 )

  mmiss
2 (GeV 2 )

  
Eµ

CM ( MeV )

  
Eµ

CM ( MeV )

  q
2(GeV 2 )

  q
2(GeV 2 )

LHCb-PAPER-2015-025 
arXiv:1506.08614  

τ



B➛D*τν fit 
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Fit in 4 q2 bins: fit 
variables Em(CM)& 
mmiss

2: 
q  templates for each 

component using 
approximate B 
momentum  

LHCb-PAPER-2015-025 
arXiv:1506.08614  



Systematic uncertainties 
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Will scale down  
with more data (Run2) 

Expected to be reduced 
for future R(D)+R(D*) 

arXiv:1506.08614 



B➛D(*)τν summary 
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Combined R(D*) data 
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𝜌=−0.29 

  

R
D*
ave = 0.322±0.022

RD
ave = 0.391±0.050

Plot and average from HFAG 
SM p-value 1.1x10-4 ~3.9σ



Lepton flavor violation in B➛K(*)ll ? 
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RK =

B(B0 → K *0µ+µ− )
B(B0 → K *0e+e− )



B→K(*)l+l- 
☐  Similar to K*γ, but more decay paths 

                                                

q  Several variables can be examined, e.g. muon forward-backward 
asymmetry, AFB is well predicted in SM 

q  Not all the variables are equal! The never ending struggle to 
tame strong interaction effects! 

                                         

28 

+ new 
particles  
in loops 



New observables in B→K(*)l+l- 
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Goal: express differential decay rate in terms of parameters that are less 
sensitive to the hadronic matrix element uncertainty ⇔ prevent NP from 
hiding under strong interaction effects  



            The P’5 anomaly in the decay B➛K(*)µ+µ- 
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q  3.7σ discrepancy with respect to the 
Standard Model in the region 
4.3<q2<8.68 GeV2 

Input from lattice: 
q  Form factors from first principles 
q  “Understanding non-factorizable 

contributions is probably the most 
important open issue which theoretical 
predictions must conform” Horgan et 
al, arXiv:1501.00367 



exotic hadrons & QCD 
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☐  theory perspective: 
☐  lattice QCD is poised to predict mass and decay properties of ordinary 

hadrons,  but also exotica (glueballs, tetraquarks, pentaquarks…) 
“Multiquark correlations inside hadrons can have a significant and in some cases 
even striking impact on the hadron spectrum. We show how such correlations in 
general, and mesons with a dominant tetraquark content in particular, emerge 
holographically in the AdS/QCD framework.” Forkel arXiv:1206.5745 

☐  experimental perspective: 
☐  Nature of scalar nonet still a mystery  
☐  zoo of exotic X,Y,Z particles containing b and c quarks are being 

discovered 
☐  the new kid on the block!  c c-

d

u u

d

created by S. Stone

created by S. Stone



☐  Dalitz plot show  
     an unusual feature 
         [arXiv:1507.03414] 

  

Pc states in Λb→J/ψK-p  
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…Λ*’s 

projections 



Decay amplitude analysis 
☐  Are there “artifacts” that can produce a peak? 

☐  Many checks done that shows this is not the case: 
e.g. changing p to K, or π to K allows us to veto 
misidentified Bs→J/ψK-K+ & B0→J/ψK-π+ 

☐  Clones & ghost tracks eliminated 
☐  Ξb decays checked as a source 

☐  Can interferences between Λ* resonances 
generate a peak in the J/ψp mass spectra? 

☐  Implemented a decay amplitude analysis that 
incorporates both decay sequences 
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Matrix Element 
☐  Two interfering 

channels:     
Λb→J/ψΛ*,   
Λ*→K-p  
&  
Λb→Pc

+K-,                      
Pc

+→J/ψ p 
☐  Use m(K-p) & 5 

decay ∠’s as fit 
parameters 
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n  Mass shapes: Breit-Wigner or Flatte´ 
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Results without Pc states 
☐  Use extended model, so all possible known Λ* 

amplitudes. mKp looks fine, but not mJ/ψp 

☐  Additions of non-resonant, extra Λ*’s doesn’t help 

35 



Extended model with 1 Pc 

☐  Try all JP up to 7/2± 
☐  Best fit has JP =5/2±. Still not a good fit 
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Reduced model with 2 Pc’s 
☐  Best fit has JP=(3/2-, 5/2+), also (3/2+, 

5/2-) & (5/2+, 3/2-) are preferred  
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Argand diagrams 

☐  Amplitudes for 6 bins between +Γ & -Γ
38 

Breit- 
Wigner 

Breit- 
Wigner 



What are we seeing? 
☐  New manifestation of QCD (different 

hadron structure)? 
☐  Rescattering effect? 
☐  Can lattice predict spectra of more exotic 

hadronic structures (tetraquarks, 
pentaquarks, dibaryons, others…)? 
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Conclusions and outlook 
☐  LHCb is adding a wealth of data that allow to 

probe in novel ways the Standard Model and 
offer new insight on new physics model. 

☐  Theoretical input on the hadronic matrix 
element mediating the decays that we use to 
probe the fundamental quantities is crucial 

☐  Testable predictions are critical component to 
this joint theoretical and experimental effort 
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THE END 
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The LHCb detector  

42 



The Forward Direction at the LHC 

☐  In the forward region at LHC the bb 
production σ is large 

☐  The hadrons containing the b & b 
quarks are both likely to be in the 
acceptance. Essential for “flavor 
tagging” 

☐  LHCb uses the forward direction 
where the B’s are moving with 
considerable momentum ∼100 GeV, 
thus minimizing multiple scattering  

☐  At L=4x1032/cm2/s, we get ~1012 B 
hadrons in 107 sec in the LHCb 
acceptance.   
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ϑ[B (rad)] 
θ[B (rad)] 

Production 
ϑ of B vs B 

Measured cross 
section at 7 TeV in 
LHCb acceptance is 
~90 µb 

arXiv:1009.2731 



The two-fold ambiguity 

44 

]4c/2 [GeV2q
0 5 10 15 20

 se
le

ct
io

n 
ef

fic
ie

nc
y 

[%
]

2 q 0
10
20
30
40
50
60
70
80
90

LHCb simulation
both solutions
one solution



New physics in |Vub|? 
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Conjecture that discrepancy between |Vub| from 
inclusive and exclusive determinations could be 
attributed to right-handed currents.  arXiv:0907.2461  

arXiv:1033.4022 (Vcb) 
arXiv:1408.2516v1 

Constraint from this 
measurement 
disfavors this solution 
of the puzzle 



Cross-checks 
☐  Many done, some listed here: 
☐  Signal found using different selections by others 
☐  Two independently coded fitters using different 

background subtractions (sFit & cFit) 
☐  Split data shows consistency: 2011/2012, magnet up/

down, Λb/Λb, Λb(pT low)/Λb(pT high) 
☐  Extended model fits tried without Pc states, but two 

additional high mass Λ* resonances allowing masses & 
widths to vary, or 4 non-resonant terms of J up to 3/2  
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Systematic uncertainties 
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Models: extended & reduced 
☐  Consider all Λ* states & all allowed L values 
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# parameters 64                  146 

Flatte´ 
 BW 
   ↓ 
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Data demands 2 states 
☐  Interference between opposite parity states needed to 

explain Pc decay angular distribution 
☐  Fit projections 
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Large 
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region 
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interference 
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interference 



Experimental background studies  
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