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  of	
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  as	
  Υ → ℓ𝓁 + ℓ𝓁 −	
  is:	
  

R	
  𝞃𝜇(3S)SM =	
   0.9948	
  ±O (10-­‐5)
With	
  radiative	
  corrections
[Aloni ,	
  Efrati,	
  Grossman&	
  Nir,	
  J.	
  High	
  Energ.	
  Phys.	
  06,	
  019	
  (2017)]

Ratio	
  has	
  no	
  hadronic	
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In	
  [Phys.	
  Lett.	
  B653,	
  67,	
  2007]	
  a	
  light	
  CP-­‐odd
Higgs	
  boson	
  A0 is	
  proposed.	
  In	
  2HDM(II)	
  with	
  
large	
  tanb the	
  A0 boson	
  exclusively	
  decays	
  into	
  
t-­‐pairs	
  and	
  thus	
  New	
  Physics	
  effects	
  might	
  
modify R	
  𝞃𝜇	
  	
  	
  in	
  Υ(nS)	
  decays.

Aloni et	
  al	
  in	
  [J.	
  High	
  Energ.	
  Phys.	
  06,	
  019	
  
(2017)]	
  propose	
  a	
  New	
  Physics	
  contribution	
  to	
  
b→c𝜏𝜐 which	
  explains	
  the tension	
  in	
  R(D(*))	
  and	
  
which	
  must	
  also	
  modify	
  the R	
  𝞃𝜇	
  	
  observable	
  
– encourage	
  this	
  measurement	
  to	
  be	
  made

3

The only other measurement is by the CLEO collaboration [Phys.Rev.Lett. 98
(2007) 052002]: 𝑹	
  𝞽𝝁 = 1.05±0.08±0.05.
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t1 →	
  e	
  nn, t2 →	
  µ nn ||	
  h	
  np0 n n=0,1,2,..
• Two	
  and	
  only	
  two	
  opposite	
  charged	
  charged	
  particles,	
  each	
  with	
  polar	
  angle	
  

acceptance	
  designed	
  to	
  be	
  insensitive	
  to	
  CM	
  energy:	
  41o<qCM<148o
• Tracks	
  roughly	
  backed-­‐to-­‐back	
  in	
  CM:	
  angle	
  >	
  110o
• PID	
  one	
  track	
  as	
  electron	
   AND	
  the	
  other	
  must	
  fail	
  the	
  

same	
  electron	
  PID	
  requirements:	
  e	
  and	
  not-­‐e

Require	
  Presence	
  of	
  neutrinos	
  from	
  t decays
• Track	
  azimuthal	
  acollinearity >	
  3o
• Total	
  calorimeter	
  energy	
  <	
  0.70	
  x	
  	
  [Ebeam(e-­‐)+Ebeam(e+)]
• |M2

MISS|>	
  0.01	
  x	
  E2cm
• cos 𝜃𝐶𝑀𝑀𝐼𝑆𝑆 <0.85	
  

Suppress	
  	
  Bhabha backgrounds
• Both	
  azimuthal	
  and	
  polar	
  angle	
  acollinearity of

not-­‐e	
  and	
  [e+g ] >2o
Suppress	
  of	
  Two-­‐photon	
  backgrounds
• Cuts	
  on	
  transverse	
  momenta	
  of	
  the	
  two	
  tracks	
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  Selection
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2.17x106 tt candidates
Purity	
  =	
  98.9%
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18.8x106µµ candidates
Purity	
  =	
  99.9%

Two	
  High	
  Momentum	
  Back-­‐to-­‐Back	
  Charged	
  Particles
• Two	
  and	
  only	
  two	
  opposite	
  charged	
  charged	
  particles

each	
  within	
  polar	
  angle	
  acceptance	
  designed	
  to	
  be	
  insensitive	
  to	
  CM	
  energy:	
  
0.65	
  rad	
  <	
  qCM(-) < 2.5 rad	
  	
  &&	
  0.58	
  rad	
  <	
  qCM(+) < 2.56 rad	
  

• CM	
  opening	
  angle	
  between	
  charged	
  particles	
  >	
  160o
• CM	
  polar	
  angle	
  back-­‐to-­‐back	
  in	
  Filter:	
  2.8	
  rad	
  <	
  qCM(-) + qCM(+) < 3.5 rad
• PCMhigh >	
  4	
  GeV	
  ||	
  PCMlow >	
  2	
  GeV	
  

Invariant	
  mass	
  of	
  two	
  charged	
  particles	
  near	
  CM	
  energy
• 0.8	
  <	
  Mµµ/Ecm <	
  1.1

Tracks	
  are	
  muon-­‐like:	
  suppress	
  	
  Bhabha backgrounds
• Total	
  EM	
  calorimeter	
  energy	
  associated	
  with

both	
  tracks	
  <	
  2GeV
• At	
  least	
  one	
  particle	
  has	
  response	
  in	
  the

Instrumented	
  Flux	
  Return	
  (IFR)	
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J.M.Roney,	
  Univ.	
  of	
  Victoria	
  	
  	
  	
  	
  	
  	
  tau-­‐mu	
  LFU	
  in	
  Y(3S)	
  Decays	
  at	
  BaBar BEAUTY	
  2020 9

• Rtµ obtained	
  with	
  binned	
  maximum-­‐likelihood	
  template	
  fit	
  to	
  
Mµµ/√s and Ett /√s distributions	
  [Barlow&Beeston,	
  Comp.Phys Comm.	
  77,	
  2019	
  (1993)]

• Mµµ :	
  μ+μ-­‐ invariant	
  mass	
  in	
  μ+μ-­‐ sample
• Ett : total	
  reconstructed	
  energy	
  in	
  t+t- sample using	
  the	
  measured	
  

momenta	
  of	
  charged	
  particles	
  and	
  up	
  to	
  10	
  most	
  energetic	
  photons
• Nµµ (no.	
  ϒ(3S)	
  →	
  µ+µ- events)	
  and	
  Rtµ= Ntt / Nµµ are	
  free	
  parameters	
  

in	
  the	
  fit	
  	
  (Ntt =	
  no.	
  	
  ϒ(3S)	
  →	
  t+t- events)	
  

~
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• Signal	
  templates	
  from	
   KKMC-­‐based	
  MC	
  without	
  ISR
• Non-­‐ϒ(3S)	
  data	
  gives	
  templates	
  of	
  continuum	
  background
• There	
  is	
  insufficient	
  ϒ(3S)	
  off-­‐resonance	
  data-­‐>we	
  use	
  high-­‐statistics	
  

ϒ(4S)	
  sample	
  having	
  identical	
  detector	
  configuration	
  (Run	
  6)	
  as	
  the	
  
ϒ(3S)	
  sample	
  (Run	
  7)	
  -­‐ 10x	
  larger	
  than	
  ϒ(3S)	
  off-­‐resonance	
  sample

• Run	
  6	
  gives	
  44M	
  selected	
  µ+µ- events	
  and	
  5M	
  selected	
  t+t- events	
  

Shapes	
  of	
  
Continuum	
  
Templates	
  
obtained	
  from	
  
ϒ(4S)	
  data

(Note:	
  Here	
  Mµµ/Ecm and	
  Ett/Ecm are	
  displayed	
  in	
  same	
  1D	
  histogram)

Mµµ/Ecm

Ett/Ecm

Signal	
  µµ MC	
  no	
  ISR Signal	
  ttMC	
  no	
  ISR
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Exploit	
  difference	
  in	
  invariant	
  mass	
  shapes	
  arising	
  from	
  initial	
  state	
  
radiation	
  effects	
  to	
  distinguish	
  resonant	
  decays	
  from	
  continuum	
  in	
  fit

e.g.	
  	
  	
  7%	
  of	
  the	
  selected	
  ϒ(3S)	
  →	
  µ+µ- events	
  	
  have	
  invariant	
  mass	
  <0.98	
  ECM
cf 23%	
  of	
  the	
  selected	
  continuum	
  e+e-­‐ →	
  µ+µ- events	
  have	
  invariant	
  mass	
  <0.98	
  ECM

Continuum	
  has
substantially	
  larger
radiative	
  tail	
  than
ϒ(3S)	
  →	
  µ+µ-



ϒ(3S)→µ+µ- in	
  presence	
  of	
  ‘cascade	
  decays’
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• ‘Cascade	
  decays’	
  here	
  refer	
  to	
  ϒ(3S)	
  →	
  l+l- decays	
  through	
  
intermediate	
  states,	
  including	
  the	
  ϒ(2S)	
  and	
  ϒ(1S)

• Separate	
  the	
  cascade	
  decays	
  from	
  signal	
  in	
  ϒ(3S)	
  →	
  µ+µ- in	
  fit	
  to	
  
Mµµ/√s and	
  use	
  those	
  fits	
  to	
  fix	
  them	
  for	
  ϒ(3S)	
  →	
  t+t-

• Cascade	
  templates	
  and	
  small	
  contributions	
  from	
  ϒ(3S)→	
  hadrons	
  	
  	
  
are	
  from	
  EvtGen-­‐based	
  MC	
  



Correct	
  for	
  ISR-­‐produced	
  ϒ(nS)	
  in	
  ϒ(4S)	
  Data	
  
Templates	
  intended	
  to	
  describe	
  Continuum	
  only
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PHOKHARA
MC	
  Correction
to	
  	
  above	
  formula
For	
  soft	
  photon
emission	
  



Accounting	
  for	
  BB	
  	
  Background
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__

Continuum	
  template	
  uses	
  RUN	
  6	
  data	
  at	
  ϒ(4S)	
  and	
  low	
  multiplicity	
  B	
  
meson	
  decays	
  can	
  contaminate	
  the	
  sample:	
  	
  in	
  MC	
  that	
  is	
  3x	
  data	
  
sample	
  15	
  µ+µ- events	
  and	
  7644	
  	
  t+t- events	
  are	
  selected	
  

Results	
  in	
  a	
  dBB =	
  0.42%	
  correction	
  to	
  Rtµ



Data-­‐driven	
  corrections	
  to	
  MC	
  efficiencies
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Ratio	
  of	
  No.	
  of	
  tt to	
  µµ candidates	
  is	
  independent	
  of	
  CM	
  Energy	
  in	
  both	
  Data	
  and	
  MC



Final	
  Fit

J.M.Roney,	
  Univ.	
  of	
  Victoria	
  	
  	
  	
  	
  	
  	
  tau-­‐mu	
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Dominance	
  of	
  the	
  continuum ϒ(3S)	
  →	
  l+l- is	
  evident
Fit	
  Result:	
  Rtµ= Ntt /	
  Nµµ =	
  0.10778	
  ± 0.00091	
  (stat)~

Rtµ =	
  Rtµ
𝟏
𝑪𝑴𝑪

𝓔𝝁𝝁
𝓔𝝉𝝉
. 𝟏 + 𝜹𝑩𝑩 = 𝟎. 𝟗𝟔𝟔𝟐 ± 𝟎. 𝟎𝟎𝟖𝟒𝒔𝒕𝒂𝒕 ± 𝟎. 𝟎𝟏𝟒𝒔𝒚𝒔𝒕~



Final	
  Fit	
  with	
  continuum	
  subtracted

J.M.Roney,	
  Univ.	
  of	
  Victoria	
  	
  	
  	
  	
  	
  	
  tau-­‐mu	
  LFU	
  in	
  Y(3S)	
  Decays	
  at	
  BaBar	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  BEAUTY	
  2020 17

• ‘Cascade’	
  backgrounds	
  clearly	
  seen
• Radiative	
  tail	
  is	
  very	
  well	
  described



Final	
  Fit	
  with	
  continuum	
  subtracted

J.M.Roney,	
  Univ.	
  of	
  Victoria	
  	
  	
  	
  	
  	
  	
  tau-­‐mu	
  LFU	
  in	
  Y(3S)	
  Decays	
  at	
  BaBar	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  BEAUTY	
  2020 18

Effects	
  of	
  ISR	
  production	
  of	
  ϒ(nS)	
  evident	
  in	
  
continuum-­‐subtracted	
  	
  distribution	
  …	
  ϒ (1S)	
  particularly	
  clear

Continuum	
  template	
  is	
  NOT	
  corrected
For	
  ISR	
  production	
  of	
  Y(nS)

Continuum	
  template	
  IS	
  corrected
For	
  ISR	
  production	
  of	
  Y(nS)



Systematic	
  Uncertainties
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• Various	
  particle	
  identification	
  criteria	
  were	
  applied	
  to	
  estimate	
  the	
  
PID	
  uncertainty	
  e.g.	
  explicit	
  muon	
  ID.	
  All	
  used	
  data-­‐driven	
  corrections.	
  
Error	
  captures	
  spread

• In	
  cascade	
  decays	
  the	
  ratios	
  for	
  lower	
  ϒ resonances	
  were	
  varied	
  
within	
  experimental	
  uncertainties	
  around	
  the	
  SM	
  value.

• Two-­‐photon:	
  Various	
  P
⊥
selections	
  are	
  applied	
  giving	
  up	
  to	
  twice	
  the	
  

loss	
  in	
  efficiency.



Systematic	
  Uncertainties
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• BB	
  and	
  generic	
  ϒ(3S)	
  backgrounds	
  conservatively	
  varied	
  by	
  ±50%	
  
about	
  nominal	
  MC	
  values

• Possible	
  effects	
  of	
  MC	
  shapes	
  on	
  the	
  ratio:	
  radiative	
  effects are	
  
modelled	
  by	
  PHOTOS	
  and	
  KKMC	
  generators	
  separately	
  and	
  the	
  
invariant	
  mass	
  resolution	
  is	
  varied	
  up	
  to	
  10%	
  

• ISR	
  subtraction	
  has	
  uncertainties	
  in	
  ϒ(nS)	
  total	
  width	
  and	
  leptonic BR	
  
and	
  varying	
  overall	
  amount	
  by	
  ±10%	
  to	
  conservatively	
  account	
  for	
  
radiator	
  function	
  uncertainties.	
  

_



Summary

• e+e-­‐ →μ+μ-­‐ sample	
  cleanly	
  selected,	
  with	
  ~0.1%	
  backgrounds	
  
• e+e-­‐ → t+t- sample	
  selected	
  with	
  ~1%	
  backgrounds
• A	
  binned	
  likelihood	
  template	
  fit	
  developed	
  to	
  avoid	
  problems	
  
with	
  luminosity	
  determination	
  and	
  to	
  account	
  for	
  cascade	
  
decays	
  in	
  the	
  ratio
• Correction	
  to	
  continuum	
  template	
  due	
  to	
  background	
  events	
  
produced	
  via	
  Radiative	
  Return	
  Process	
  is	
  implemented
• Contribution	
  of	
  BB	
  events	
  is	
  evaluated
• Systematic	
  uncertainties	
  are	
  estimated	
  and	
  found	
  to	
  be	
  
dominated	
  by	
  particle	
  ID	
  effects
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_



Conclusion
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Rtµ =	
  
B(ϒ(3S)→t+t−)
B(ϒ(3S)→µ+µ− = 	
  𝟎. 𝟗𝟔𝟔𝟐 ± 𝟎. 𝟎𝟎𝟖𝟒𝒔𝒕𝒂𝒕 ± 𝟎. 𝟎𝟏𝟒𝒔𝒚𝒔𝒕

=  𝟎. 𝟗𝟔𝟔𝟐 ± 𝟎. 𝟎𝟏𝟔𝐭𝐨𝐭

paper	
  on	
  this	
  work (arXiv:2005.01230)	
  
has	
  been	
  submitted	
  to	
  PRL

This	
  measurement	
  is	
  6	
  x	
  more	
  precise	
  than	
  CLEO’s	
  result
and	
  is	
  within	
  2s  of	
  the	
  SM	
  value	
  of	
  0.9948

Using	
  a	
  26.9	
  fb-­‐1 data	
  sample	
  collected	
  at	
  the	
  	
  ϒ	
  (3S)	
  and	
  
78.3	
  fb-­‐1 data	
  sample	
  at	
  the	
  ϒ	
  (4S) to	
  describe	
  the	
  continuum,
BABARmeasures:	
  



Additional	
  Supporting	
  Material
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Fitting	
  Templates
(Mµµ/Ecm and	
  Ett/Ecm displayed	
  in	
  same	
  1D	
  histo)

J.M.Roney,	
  Univ.	
  of	
  Victoria	
  	
  	
  	
  	
  	
  	
  tau-­‐mu	
  LFU	
  in	
  Y(3S)	
  Decays	
  at	
  BaBar	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  BEAUTY	
  2020 24

Run	
  6	
  Y(4S)	
  data Signal	
  µµ MC	
  no	
  ISR Signal	
  ttMC	
  no	
  ISR

EvtGen
MC	
  

EvtGen
MC	
  

EvtGen
MC	
  

Mµµ/Ecm

Ett/Ecm



e+e-­‐ →μ+μ-­‐ Cross	
  section
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𝛕+𝛕-­‐ Selection:	
  Bhabha background	
  suppression
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𝛕+𝛕-­‐ Selection:	
  2-­‐photon	
  background	
  suppression
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