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TESTS OF LEPTON FLAVOR UNIVERSALITY


•  In the SM, electroweak couplings of gauge bosons to leptons are independent 
from their flavor => Lepton Flavor Universality




•  Observation of sizeable LFU violation would be a clear sign of New Physics



•  Many tests performed in the past, comparing decays to different lepton 

families, with strongest limits in the EW sector. 


Now LHC is allowing a new bunch of LFU tests to be performed!

(Main topic of this talk)
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•  Lepton universality tests in b->sll


•  Lepton universality tests in b->clv



•  Lepton universality test in W->lv


•  Conclusion	

OUTLINE
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LHCb DETECTOR
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RECONSTRUCTION OF LEPTONS IN LHCb
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Muon reconstruction extremely 

performant in LHCb: 

•  dedicated muon chambers; 

•  clear trigger signature;

•  very efficient tracking system.                                      
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Taus reconstructed through their decay 

     products.

•  Tau decay vertex not always identified.

•  Neutrinos => missing energy and 

degradation of the mass resolution. 


Electrons identified through the

EM calorimeter

•  high occupancy of calorimeters => hardware 

trigger thresholds higher than on muon 

•  bremsstrahlung => degradation of the B mass 

resolution
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 EFFECTIVE THEORY APPROACH


Operators Oi: long-distance effects, non-perturbative  
Wilson coefficients Ci: short-distance effects, perturbative  
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Photon pole  
(not in B->Pll) b -> c c s 

(tree level) O7	

O9	

O10	

-	

   i = 1, 2       Tree 
   i = 3 -6, 8   Gluon penguin   
   i = 7           Photon penguin 
   i = 9, 10     Electroweak penguin 
   i = S           Higgs (scalar) penguin 
   i = P           Pseudoscalar penguin 
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•  Expected to be 1 in the Standard Model, apart from precisely predictable phase 
space effects and helicity-suppressed contributions.  


•  Theoretical uncertainty at 10-3 , QED effects at % level (arXiv:1605.07633)


•  Not affected by QCD effects (ex: charm loops)


•  Different ratios provide complementary information: 






	

THE LU TEST RH
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arXiv:1704.05446
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RK*  DATASET AFTER PRESELECTION
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•  All run1 (3fb-1)


•  Analysis in two q2 bins: 

    -  low-q2          [0.045, 1.1] GeV2/c4 

    - central-q2      [1.1, 6] GeV2/c4 


arXiv:1705.05802	
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Dataset after preselection	

•  In LHCb we use the double ratio of the rare to the J/ψ	channel to reduce 
systematic uncertainities:	
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•  All run1 (3fb-1)


•  Analysis in two q2 bins: 

    -  low-q2          [0.045, 1.1] GeV2/c4 

    - central-q2      [1.1, 6] GeV2/c4 


arXiv:1705.05802	
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Dataset after preselection	

•  In LHCb we use the double ratio of the rare to the J/ψ	channel to reduce 
systematic uncertainities:	

J/ψ		

ψ(2s)		

central	q2	

low	q2	
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•  All run1 (3fb-1)


•  Analysis in two q2 bins: 

    -  low-q2          [0.045, 1.1] GeV2/c4 

    - central-q2      [1.1, 6] GeV2/c4 


arXiv:1705.05802	
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Dataset after preselection	

•  In LHCb we use the double ratio of the rare to the J/ψ	channel to reduce 
systematic uncertainities:	

J/ψ		

ψ(2s)		

central	q2	

low	q2	

Par1ally	reconstructed		
backgrounds	pollu1ng	the	signal	region	

Cut	to	remove	
par1ally	reconstructed		

backgrounds	
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RK*  YIELDS AFTER FULL SELECTION
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RK* CROSSCHECKS
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•  BR(B->K*µµ) :  in agreement with published LHCb result [arXiv:1606.04731].


•  No corrections to MC : less than 5% variation on RK*.


•  Population of bremsstrahlung categories : consistent between data and MC.


•  Kinematic distributions : consistent among MC/background subtracted data.




•  rJ/ψ ratio : compatible with 1 and flat as function of kinematics and 

                       event multiplicity => very stringent test! (not a double ratio)


•  Rψ(2s) and rγ  ratios : consistent with expectations 


=	

arXiv:1705.05802	
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RK*  RESULTS


BaBar:	PRD	86	(2012)	032012	
Belle:		PRL	103	(2009)	171801	

•  Measurement statistically dominated.

•  Compatibility with the SM: 

     - 2.1-2.3  standard deviations (low-q2)  

     - 2.4-2.5  standard deviations (central-q2) 	
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Compatible with Standard Model at 2.6σ	

PRL	113,	151601	(2014)	
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•  Analysis on the run1 dataset: 3 fb-1


•  Performed in the q2 range [1, 6] GeV2/c4
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OTHER b->sll RESULTS: RK




OTHER b->sll RESULTS: BRs
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Measured BR with muons are consistently lower than predicted in SM


JHEP 06 (2014) 133	

Bs->φµµ 	

JHEP 09 (2015) 179	

Λb->Λµµ	

JHEP 06 (2015) 115 and	
arXiv:1602.01399	 arXiv:1606.04731	

B0->K*0µµ 	

B+->K*+µµ 	B0->K0µµ 	B+->K+µµ 	

IRN-Terascale, Montpellier, 3-5 July 2017	



OTHER b->sll RESULTS: angular observables
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Angular observables in B->K*µµ show about 3.4σ discrepancy


JHEP 02 (2016) 104

PRL 118 (2017)

ATLAS-CONF-2017-023

CMS-PAS-BPH-15-008	

IRN-Terascale, Montpellier, 3-5 July 2017	
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THE GLOBAL PICTURE 

•  Adding BRs and angular observables of b->µµ,  b->sll, b->sγ 

      => up to 5σ deviation from the SM (but QCD effects?)



•  Mostly affecting C9µ and C10µ Wilson coefficients











      arXiv:1704.05340
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THE GLOBAL PICTURE 

•  Adding BRs and angular observables of b->µµ,  b->sll, b->sγ 

      => up to 5σ deviation from the SM (but QCD effects?)



•  Mostly affecting C9µ and C10µ Wilson coefficients


•  Global fits of LFU only shows about 3σ  discrepancy from SM


•  Remember: LFU tests are not affected by QCD effects (ex: charms loops)	











      arXiv:1704.05340
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THE GLOBAL PICTURE 





       arXiv:1704.05435
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Many other 
theoretical papers:


arXiv:1704.05438v1		
arXiv:1704.05444v1	
arXiv:1704.05446v1	
arXiv:1704.05447v1	
arXiv:1704.05672v1	
arXiv:1704.05835v1	
arXiv:1704.05849v1	
arXiv:1704.06005v1	
arXiv:1704.06188v1	
arXiv:1704.06200v1	
arXiv:1704.06240v1	
arXiv:1704.06659v1	
arXiv:1704.07347v1


……


Some NP hypotheses mentioned

Non lepton universal Z’ ?
 Leptoquarks?


      arXiv:1704.05435




PROSPECTS FOR LFU TESTS IN b->sll

•  RK, RK*, Rφ and similar ratios need to be measured using the full run1+run2 

statistics, and in all the q2 bins.



•  Perform LFU angular tests [as from Belle: Phys.Rev.Lett.118, 111801 (2017)].
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•  Also search for LFV decays:

					B(s)	->	τ µ,   B(s)->	e µ, 

					B+	->K+	τ µ,  B0	->K*0	τ µ,  	
					B+	->K+	e µ,  B0	->K*0	e µ, 	
					Bs	->φ τ µ,  Bs	->φ e µ, etc… 


IRN-Terascale, Montpellier, 3-5 July 2017	
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•  Lepton universality tests in b->sll


•  Lepton universality tests in b->clv


•  Lepton universality test in W->lv


•  Conclusion	

OUTLINE
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THE RD* MEASUREMENT


RD* =
Γ(B

0
→D*+τ −ντ )

Γ(B
0
→D*+µ−νµ )



•  SM expectation:  0.252+/- 0.003 [PRD85 (2012) 094025]  



•  Sensitive, for ex.,  to charged Higgs or non minimal flavor violating 

couplings favoring the tau, or leptoquarks


•  NP could modify BR and angular distributions

	

Francesco Polci	 18
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RD* WITH LEPTONIC τ IN LHCb

•  Neutrinos =>  no narrow peak to fit in any distribution

•  3D template fit. Use discriminating variables calculated in the B rest frame:

     - the missing mass squared: 

     - the muon energy in c.o.m. frame: Eµ *

        - the squared four momentum transferred to the di-lepton system: q2 


PRL	115,	111803	(2015)	
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Run1 dataset: 3 fb-1


IRN-Terascale, Montpellier, 3-5 July 2017	

R(D*) = 0.336± 0.027(stat)± 0.030(syst)
2.1 σ larger than the SM expectation 
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RD* HADRONIC IN LHCb


RHAD
D* =

BR(B
0
→D*+τ −ντ )

BR(B
0
→D*+π −π +π − )

BR(B
0
→D*+π −π +π − )

BR(B
0
→D*+µ−νµ )

τ − → π −π +π −(π 0 )vτ

Same final state:

systematics cancels	 External input	

•  Good vertex reconstruction, but large hadronic backgrounds.

•   Specific tools needed to reduce it, for ex: cut on vertex displacement.	

IRN-Terascale, Montpellier, 3-5 July 2017	
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RD* HADRONIC IN LHCb: RESULTS

Signal yield: 1300 events


R(D*)had = 0.285 ± 0.019(stat) ±0.025(syst)±0.014(ext)

R(D*)LHCb : 0.306 ± 0.016 ± 0.022    => 2.1 σ	from SM

Naive R(D),R(D*) world average =>  4.1 σ	from SM


Francesco Polci	
LHCb-PAPER-2017-017


IRN-Terascale, Montpellier, 3-5 July 2017	
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PROSPECTS FOR LFU TESTS IN  b->clv


IRN-Terascale, Montpellier, 3-5 July 2017	

•  R(D*) will have 4 times the present dataset with Run2



•  Other measurements ongoing:
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•  Lepton universality tests in b->sll


•  Lepton universality tests in b->clv


•  Lepton universality test in W->lv


•  Conclusion	

OUTLINE


IRN-Terascale, Montpellier, 3-5 July 2017	
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RW  MEASUREMENTS


All experiments in agreement among them and with SM expectations	

RW : ratio of forward production cross

        section W->eν (JHEP 10 (2016) 030)    

               and W->µν (JHEP 01 (2016) 155)	

2012 data (2 fb-1)	

IRN-Terascale, Montpellier, 3-5 July 2017	

New	ATLAS	result:	Eur.	Phys.	J.	C	77	(2017)	367	
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OUTLINE


•  Lepton universality tests in b->sll


•  Lepton universality tests in b->clv


•  Lepton universality test in W->lv


•  Conclusion	

IRN-Terascale, Montpellier, 3-5 July 2017	







Some intriguing results in the recent measurements at LHCb: 

•  RK, RK*, RD* (+BR and angular analyses of b->sll)



No claim of new physics, but there is an interesting path to follow!

•  Repeat all measurements with the enlarged datasets and improved 

analysis techniques 

•  Explore new channels 

•  Test LFU in angular distributions

•  Search for direct LFV



LHCb is on its way! 


26
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•	CP	violaCon	
•	Rare-	radiaCve	and	semi-leptonic	B	decays	
•	Charm	and	Kaon	physics	
•	Heavy	flavour	producCon	and	spectroscopy	
•	Interplay	of	quark	and	lepton	flavour	
•	Future	experiments	
	
	

Mailing list: GDR-INTENSITYFRONTIER-L@LISTSERV.IN2P3.FR	
Website: hQp://gdrintensityfronYer.in2p3.fr/			(to	be	operaYonal	soon)	
Contacts: Aoife Bharucha and Francesco Polci


A new baby is born!




















GDR Intensity Frontiers














BACKUP






•  Angular analyses are complex, but a rich 
framework  to measure a variety of 
observables, sensitive to different 
sources of new physics depending on q2


•  Decays with four particles in the final 
state are described by:


     - three angles in the helicity basis;

     - the di-lepton invariant mass squared q2


•  Observables depend on Wilson 
coefficients (underlying short-distance 
physics) and form-factors (hadronic 
matrix elements)


THE PRINCIPLE OF ANGULAR ANALYSES


Francesco Polci	

Example:	B->K*µµ 	
JHEP 02 (2016) 104	
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B -> K*µµ ANGULAR ANALYSIS

Study the full angular distribution (θl, θK,φ) of the 4 final state particles.



Described by eight independent observables:

























Observables (AFB, FL and Sj) are function of the Wilson coefficients.



A cleaner set of observables, where hadronic form factor uncertainties 
cancels at the leading order, can be defined (JHEP 1305(2013)137), ex:

	

30
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LHCb performed the first full angular 
analysis of  B->K*µµ, using Run1 (3 fb-1 )	
•  full set of CP-averaged angular terms

•  full set of CP-asymmetries

•  correlation matrix published

•  form-factor independent ratios of 

observables measured (P’)


Global fit to B->K*µµ for LHCb is 3.4σ from SM. 	

Plots	To	be	updated!!!!	

JHEP 02 (2016) 104	

31
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B -> K*µµ ANGULAR ANALYSIS
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OR	 ?	

What	is	this	new	vector-like	contribu1on	C9NP?	

NEW PHYSICS OR QCD?




•  Extremely performing in LHCb: 

      - dedicated muon chambers 

      - very efficient tracking system.


•  A muon is a clear trigger signature:

     ε(L0+HLT)= ~90% for di-muon channels 

     ε(L0+HLT)= ~30% for multibody hadronic states 

                                        

•  Very good di-muon resolution

			

MUONS RECONSTRUCTION
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•  Identified through the electromagnetic calorimeter:    

  




•  Resolution degraded by energy loss from bremsstrahlung:

      -  recovery of bremsstrahlung photons can not be  100% efficient

      -  significant degradation of the B mass resolution with a tail on the left

      - large contribution from partially reconstructed backgrounds


ELECTRON RECONSTRUCTION


JHEP	04	(2015)	064	

ECAL :σ E

E
~1%⊗

10%
E(GeV )

0.002	<	q2	<1.120	GeV2/c4	
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(Int.	J.	Mod.	Phys.	A	30	(2015)	1530022)	

•  Study in exclusive bremsstrahlung categories:

     - different resolutions, different purities




•  Identified through the electromagnetic calorimeter:    

  




•  Resolution degraded by energy loss from bremsstrahlung:

      -  recovery of bremsstrahlung photons can not be  100% efficient

      -  significant degradation of the B mass resolution with a tail on the left

      - large contribution from partially reconstructed backgrounds


ELECTRON RECONSTRUCTION


JHEP	04	(2015)	064	

ECAL :σ E

E
~1%⊗

10%
E(GeV )

0.002	<	q2	<1.120	GeV2/c4	
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(Int.	J.	Mod.	Phys.	A	30	(2015)	1530022)	

•  Study in exclusive bremsstrahlung categories:

     - different resolutions, different purities
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RK*  BREMSSTRAHLUNG 
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RK*  CROSSCHECKS
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RK*  CROSSCHECKS
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RK*  SYSTEMATICS


WHAT ELSE?


•  The double ratio cancels a lot of systematics

•  The measurement is statistically dominated (15%)
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STATUS OF THE RD(*) MEASUREMENTS
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BEFORE THE LHCb HADRONIC!!!

(but will globally not change a lot)




EVALUATING CHARM CONTRIBUTIONS IN B+->K+µµ	
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Purpose: measure the phase difference between 
short- (FCNC) and long-distance amplitudes 

-  Sizeble effect of the long-distance contributions 

far from the resonances could explain the 
observed tensions


Method: analize the dimuon mass spectrum

-  long-distance modeled as sum of BW 

-  magnitudes, phases, C9, C10  floated

-  C7  fixed to SM

-  hadronic form factors f+ constrained

-  crucial control of the resolution function


B+->pi+mm

Bc+->J/psi K


Francesco Polci – CKM 2016	

NEW	

eff	
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•  Four degenerate solutions, corresponding to the ambiguities of J/Psi and 
Psi(2s) phases being negative or positive


•  J/Psi phase is compatible with +/-π/2  => is small away from the pole

•  Preferred values: |C10|<|C10

SM| and |C9|>|C9
SM|


          If C10 =C10
SM, |C9|<|C9

SM|























•  BF compatible with previous measurement and smaller than the SM:




For the future: improved B->K form factors and more data needed.

More difficult for the K*: helicity states can have different relative phases


Francesco Polci – CKM 2016	

NEW	

LHCb-PAPER-2016-045 
COMING SOON	

preliminary	
preliminary	

EVALUATING CHARM CONTRIBUTIONS IN B+->K+µµ	
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++	 +-	

-+	 --	
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EVALUATING CHARM CONTRIBUTIONS IN B+->K+µµ	
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More conservative form factors for RK* => larger errors	
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arXiv:1704.05444
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If leptoquarks, low masses preferred by data	
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