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The	
  relevance	
  of	
  B(s)	
  decays	
  

Test	
  the	
  flavor	
  sector	
  of	
  the	
  SM	
  
–  Single	
  source	
  of	
  CP	
  violaLon	
  in	
  

charged	
  weak	
  currents	
  
–  Suppressions	
  due	
  to	
  hierarchy	
  of	
  

CKM	
  elements	
  
–  Suppression	
  of	
  flavor-­‐changing	
  

neutral	
  currents	
  (FCNC,	
  loop	
  only)	
  
–  Suppression	
  of	
  chirality	
  flips	
  due	
  to	
  

small	
  quark	
  masses	
  
	
  

For	
  a	
  review	
  of	
  CP	
  ViolaLon,	
  see	
  talk	
  by	
  Stephane	
  Monteil	
  

CKM	
  unitarity	
  triangle	
  tested	
  at	
  the	
  
few	
  percent	
  level!	
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The	
  relevance	
  of	
  B(s)	
  decays	
  
New	
  physics	
  might	
  not	
  respect	
  the	
  many	
  suppressions	
  	
  	
  	
  	
  	
  
of	
  the	
  SM	
  :	
  
•  Search	
  for	
  physics	
  beyond	
  SM	
  in	
  the	
  “quantum”	
  way:	
  

increase	
  luminosity	
  and	
  look	
  for	
  indirect	
  effects	
  due	
  to	
  
virtual	
  parLcles	
  

•  complementary	
  to	
  the	
  “rela/vis/c”	
  way:	
  increase	
  
energy	
  and	
  look	
  for	
  direct	
  producLon	
  of	
  new	
  parLcles	
  The big question: where is new physics?
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Dashed arrows show anticipated improvements in next generation of experiments

– proton decay already ruled out simplest version of grand unification

– neutrino experiments hope to probe see-saw mechanism (evidence for a dim-5 operator...)

– flavor physics probes TeV-scale new physics with even SM-like suppressions

– LHC was in a unique situation that a discovery was virtually guaranteed (known since 80’s)

ZL — p.1/iii

(from	
  Z.	
  LigeL)	
  

Dana Lindemann Aug 27, 2013 - SLAC 5

Searching for NP ParticlesSearching for NP Particles
    Direct production    or      Indirect detection

! Requires very 
high energy

! Has a limited 
reach

! Enables 
detailed study 
of particle

! Requires 
high precision 
to measure 
rare processes
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mass scales 
(few TeV)

i.e. B-Factories
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Indirect	
  searches	
  probe	
  
higher	
  mass	
  scales!	
  

	
  	
  Flavor	
  (quarks)	
  

	
  	
  LHC	
  

	
  	
  Tevatron	
  

•  Experimental	
  reach	
  (with	
  significant	
  simplifying	
  assumpLons)	
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Outline	
  

•  The	
  experimental	
  faciliLes	
  
•  RadiaLve,	
  electroweak	
  and	
  “Higgs”	
  penguins	
  
•  Tree	
  decays	
  with	
  τ	
  leptons	
  
•  Conclusion	
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Justine Serrano 4 

LHCb 

Forward spectrometer optimised for heavy flavour physics at the LHC 
Large acceptance 2< <5 
Low trigger thresholds 
Precise vertexing 
Efficient particle identification 
Large boost (B mesons flight ~1cm) 
 

Rare decays @ LHCb 

Experiments	
  and	
  data	
  samples	
  Data taking conditions 

Running at a constant luminosity of 
4.1032 cm-2 s-1 thanks to the 
luminosity leveling 

    This is twice the design luminosity! 
 
Interactions per crossing 

 < >~1.7 
   This is four times more than design! 
 

 

Rare decays @ LHCb Justine Serrano 5 

Recorded integrated luminosity: 
1 fb-1 @ 7TeV (2011) 
2 fb-1 @ 8TeV (2012) 

Luminosity and data sets 

•! Performances far beyond design… 
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•! More than 96% of the delivered luminosity was recorded by the experiments     
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CDF
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Very	
  different	
  energies	
  and	
  rates	
  

Experiment Beams cm Energy  Int. Lum # Events # Events S/B 

[GeV] [1/fb] cc bb 

BABAR/Belle e+e- 10.58 424+711  1.2 109 ~109 0.25 

LHCb  pp 7000 (8000) 1.0 (2.0)  2 1012        ~1011 ~0.005 

 

e+e-­‐:	
  	
  	
  	
  	
    initial state with well defined energy-momentum and quantum numbers 
              simple events:  exclusive 2-body or low multiplicity production  

  full event reconstruction:  B_tag and B_signal: full PID, π0→	
  γγ	
  detection 
                missing mass → neutrino reconstruction!  
	
  

pp:   very high  rates, all flavor mesons and baryons produced, 
                high BG requires selective trigger, restricted acceptance 

       long decay paths, precision charged particle tracking, PID 
  complex events, normalization, relative rates!  Many innovative techniques!    

Looking for NP with B decays

CDF
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The Tevatron legacy 

M. Artuso, SLAC Summer Institute, July 11, 2013 ! 9 

CDF 

             INNER 
TRACKING  SYSTEM

CALORIMETRY

MUON  SYSTEM

D0 

Large radius solenoid 
Excellent tracking 
Synchronous track trigger 
 

Large muon coverage |!|<2 
Strong B field (possibility of switching 
polarities) 
highly segmented hadron calorimeter 

They	
  play	
  a	
  role	
  as	
  well!	
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√sTeVatron	
  =	
  2	
  TeV	
  
LTeVatron	
  ~	
  10	
  /g	
  /exp	
  

	
  
√sLHC	
  =	
  7-­‐8	
  TeV	
  
LLHC	
  ~	
  25	
  /g	
  /exp	
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Rare in SM: FCNC process and helicity suppressed
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Sensitive to scalar and pseudo-scalar NP contributions

Precise predictions (purely leptonic final state)[Buras et al., 2012]:

B(B0

s
→ µ+µ−)1

SM
= (3.56± 0.30)× 10−9

B(B0→ µ+µ−)
SM
= (1.07± 0.10)× 10−10

1
Time integrated B obtained [Bruyn et al., 2012] with ys and τ

B0
s

from [HFAG, 2012]
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SM	
  

SUSY	
  

Typical	
  BR	
  (SM)	
   10-­‐5	
  –	
  10-­‐4	
   10-­‐6	
  	
   10-­‐9	
  	
  

Observables	
   Br,	
  γ	
  polarizaLon	
   Angular	
  distribuLons	
   Branching	
  raLos	
  

Lorentz	
  	
  
structure	
  

Relevant	
  	
  
operators	
  

RadiaLve	
   Electroweak	
   “Higgs”	
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Le5-­‐handed	
  part	
   Right-­‐handed	
  part	
  
Suppressed	
  in	
  SM	
  

i=1,2     Tree 
i=3-6,8   Gluon penguin 
i=7     Photon penguin 
i=9,10    EW penguin 
i=S (P)    (Pseudo)scalar penguin 

O7 ~ mbsL! µ"bRF
µ" O9 ~ sL!µbL !!

µ!

O10 ~ sL!µbL !!
µ!5!

OS ~ sLbR !!
OP ~ sLbR !!5!
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Figure 2: Invariant-mass distributions of the (a) B0→ K∗0γ and (b) B0
s → φγ candidates. The

black points represent the data and the fit result is represented as a solid blue line. The signal
is fitted with a double-sided Crystal Ball function (short-dashed green line). The combinato-
rial background is modelled with an exponential function (long-dashed red line). In decreasing
amplitude order, the exclusive background contributions to B0→ K∗0γ are B+(0)→ K∗0π+(0)γ
(short-dotted black), B → K∗0(φ)π0X (long-dashed blue), B0

s → K∗0γ (dotted short-dashed
green), Λ0

b → Λ∗γ (double-dotted dashed pink), B0 → K+π−π0 (dotted long-dashed black)
and B0

s → K+π−π0 (long-dotted blue). The background contributions to B0
s → φγ are

B+(0)→ φK+(0)γ (dotted black), Λ0
b → Λ∗γ (double-dotted dashed pink) and B0

s → K+K−π0

(dotted-dashed black). No significant contribution to B0
s → φγ is found from partially recon-

structed B → K∗0(φ)π0X decays. The Poisson χ2 residuals [22] are shown below the fit with
the ±2σ confidence-level interval delimited by solid red lines.

is dominated by the effect from the partially reconstructed background. This procedure is
repeated to evaluate the systematic uncertainty from the signal-shape modelling, by vary-
ing the parameters of the Crystal-Ball tails within their uncertainty. A relative variation
of [−1.3,+1.4]% on the yield ratio is observed and added to the systematic uncertainty.
As a cross-check of the possible bias introduced on the ratio by the modelling of the mass
window thresholds and the partially reconstructed background that populates the low
mass region, the fit is repeated in a reduced mass window of ±700MeV/c2 around the
world average B meson mass. The result is found to be statistically consistent with the
nominal fit. Combining these systematic effects, an overall (+2.0

−1.8)% relative uncertainty
on the yield ratio is found.

The efficiency ratio can be factorised as

εB0
s→φγ

εB0→K∗0γ

= rreco&sel × rPID × rtrigger , (3)

where rreco&sel, rPID and rtrigger are the efficiency ratios due to the reconstruction and
selection requirements, the particle identification (PID) requirements and the trigger re-
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BàXsγ	


•  The	
  inclusive	
  decay	
  has	
  been	
  precisely	
  

measured	
  at	
  B	
  Factories	
  

•  One	
  of	
  the	
  strongest	
  constraint	
  in	
  MSSM.	
  
Given	
  the	
  Higgs	
  mass,	
  only	
  O(%)	
  of	
  the	
  a-­‐
priory	
  phase	
  space	
  leq!	
  

•  Many	
  exclusive	
  modes	
  studied	
  as	
  well	
  
•  At	
  hadron	
  colliders,	
  measure	
  exclusive	
  

decays	
  to	
  keep	
  background	
  at	
  
manageable	
  level	
  

•  LHCb	
  performed	
  first	
  measurements	
  in	
  
the	
  Bs	
  system	
  

Br(Bsà φγ) = (3.5 ± 0.4) × 10-5 

Br(b à sγ) = (3.43 ± 0.22) × 10-4	
  	
  
in	
  agreement	
  with	
  the	
  SM	
  predicLon	
  	
  

BrSM(b à sγ) = (3.15 ± 0.23) × 10-4 
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Looking for NP with B decays

CDF

691	
  ±	
  36	
  
events	
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Photon	
  polarizaLon	
  in	
  B+àK+π-­‐π+γ	


•  In	
  SM,	
  emired	
  photons	
  are	
  predominantly	
  leq-­‐handed	
  
•  Measure	
  up-­‐down	
  asymmetry	
  in	
  KresàKππ	
  decays	
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•  Evidence	
  for	
  photon	
  polarizaLon	
  in	
  
bàsγ	
  decays	
  at	
  4.6σ	



•  Difficult	
  interpretaLon	
  due	
  to	
  mulLple	
  
resonances.	
  If	
  theoreLcal	
  predicLon	
  
existed,	
  first	
  measurement	
  of	
  λγ	
  would	
  
be	
  possible	
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For	
  a	
  single	
  intermediate	
  resonance,	
  	
  A	
  is	
  
proporLonal	
  to	
  the	
  photon	
  polarizaLon	
  

First	
  measurement	
  on	
  a	
  mixture	
  of	
  K	
  resonances	
  	
  

•  Also,	
  1st	
  measurement	
  of	
  CP	
  asymmetry	
  

~8000	
  events	
  
2g-­‐1	
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Signal	
  
Comb.	
  
Missing	
  π	


ParLally	
  	
  
reco	
  bkg	
  

Looking for NP with B decays

CDF



The	
  B0àK*0µ+µ- decay	


•  BàK*µµ	
  is	
  described	
  by	
  3	
  angles	
  and	
  di-­‐

muon	
  invariant	
  mass	
  squared	
  q2	
  

•  Number	
  of	
  free	
  parameters	
  can	
  be	
  reduced	
  
by	
  folding	
  the	
  φ	
  angle	
  (if	
  φ<0,	
  φ=φ+π	
  ):	
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Bd
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Decay described by 3 angles and di-muon 
invariant mass squared q2 
 

 

Folding the  angle (if <0, = +  ), we can 
reduce the number of free parameters: 
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AFB zero crossing point precisely predicted in SM:  
 

Observables	
  in	
  blue	
  are	
  funcLons	
  of	
  Wilson	
  coefficients	
  and	
  
form	
  factors.	
  They	
  depend	
  on	
  q2	
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q0
2 = (4.36!0.31

+0.33)GeV 2 / c4



B0àK*0µ+µ- 	
  is	
  a	
  hot	
  topic!	
  

•  Results	
  from	
  	
  	
  
•  A	
  lot	
  of	
  other	
  channels	
  being	
  studied	
  as	
  well,	
  e.g.	
  	
  

	
   	
  Bd→K*0e+e-­‐	
  ,	
  B+→K+µ+µ-­‐	
  ,	
  Bs→φµ+µ-­‐	
  ,	
  Λb	
  →	
  Λ	
  µ+µ-­‐,	
  …	
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Measurement of B0
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• Introduction
� motivation and methodology

� detector

• Analysis
� selection

� validation

• Results
� B0

s → µ+µ− and B0 → µ+µ−
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B0àK*0µ+µ- : results	



Theory	
  from	
  Bobeth-­‐Hiller-­‐Van	
  Dyk	
  (2011),	
  consistent	
  with	
  MaLas	
  et	
  al	
  (2013)	
  

	
  arXiv:1304.6325	
  
1	
  g-­‐1,	
  ~900	
  events,	
  6	
  q2	
  bins	
  

Good	
  agreement	
  with	
  SM	
  predicLons	
  
	
  First	
  measurement	
  of	
  AFB	
  zero	
  crossing	
  point	
  :	
  

TheoreLcally	
  cleaner	
  observables	
  (reduced	
  form	
  factor	
  
uncertainLes)	
  can	
  be	
  calculated	
  from	
  the	
  exisLng	
  ones	
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B0àK*0µ+µ-:	
  new	
  observables	
  
•  Observables	
  with	
  limited	
  dependence	
  on	
  form-­‐factors	
  	
   	
   	
  	
  	
  

uncertainty	
  at	
  low	
  q2	
  have	
  been	
  proposed	
  by	
  several	
  theorists	
  
•  Different	
  set	
  of	
  observables	
  give	
  different	
  constraints	
  ⇒	
  complementarity!	
  	
  

Results for new observables 

Good agreement with SM 
predictions from J. Matias et al, 
arXiv:1303.5794 
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arXiv:1308.1707 

preliminary 

preliminary 

preliminary 

3.7σ	
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some	
  local	
  
discrepancies	
  
for	
  others	
  

Good	
  
agreement	
  
for	
  some	
  

observables	
  

Global	
  analysis,	
  Descotes-­‐-­‐Genon	
  et	
  al.	
  (arXiv:
1307.5683):	
  large	
  New	
  Physics	
  contribuLon	
  
to	
  the	
  Wilson	
  	
  coefficient	
  of	
  the	
  O9	
  operator	
  	
  

arXiv:1308.1707	
  

SM	
  predicLons	
  from	
  
J.	
  MaLas	
  et	
  al,	
  arXiv:
1303.5794.	
  	
  
Jaeger	
  et	
  al.,	
  JHEP	
  
05	
  43	
  (2013),	
  quote	
  
larger	
  uncertainLes	
  

No	
  definiLve	
  conclusion.	
  More	
  data	
  
and	
  theoreLcal	
  studies	
  needed	
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Bàhdll	
  decays	
  

B+àπ+µ+µ-­‐	
  	
  observed	
  at	
  5.2σ	
  in	
  LHCb	
  

Dana Lindemann Aug 27, 2013 - SLAC 41

B!"/# $B!"/# $++$$-- Expectations Expectations
SM expected rates (excluding charmonium):

Expect ~10 signal events in
full BaBar dataset of 471 million BB

q2 = m!!
2  (GeV)

 LHCb (1 fb-1)
2.4 ± 0.6 ± 0.2 % 10-8

B ! "+µ+µ-  recently 
observed at LHCb

Aliev & Savci, PRD 60, 014005 (1999)
Erkol & Turan, Eur. Phys. Jour. C 28, 243 (2003)

JHEP12 125 (2012)

Dana Lindemann Aug 27, 2013 - SLAC 41

B!"/# $B!"/# $++$$-- Expectations Expectations
SM expected rates (excluding charmonium):

Expect ~10 signal events in
full BaBar dataset of 471 million BB

q2 = m!!
2  (GeV)

 LHCb (1 fb-1)
2.4 ± 0.6 ± 0.2 % 10-8

B ! "+µ+µ-  recently 
observed at LHCb

Aliev & Savci, PRD 60, 014005 (1999)
Erkol & Turan, Eur. Phys. Jour. C 28, 243 (2003)

JHEP12 125 (2012)

Dana Lindemann Aug 27, 2013 - SLAC 45

B!"/# $B!"/# $++$$--  ResultsResults
BaBar Preliminary  

! Best limits to date for B0!"0 $+$-

! First search for B0!# $+$-

! B+!"+$+$-, B0!"0$+$-, B0!#$+$-  upper limits all
  within a factor of 2-3 of SM predictions
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2.4 ± 0.6 ± 0.22.4 ± 0.6 ± 0.2

 arXiv:1303:6010

LHCb 

Upper	
  limits	
  by	
  Babar	
  

Dana Lindemann Aug 27, 2013 - SLAC 41

B!"/# $B!"/# $++$$-- Expectations Expectations
SM expected rates (excluding charmonium):

Expect ~10 signal events in
full BaBar dataset of 471 million BB

q2 = m!!
2  (GeV)

 LHCb (1 fb-1)
2.4 ± 0.6 ± 0.2 % 10-8

B ! "+µ+µ-  recently 
observed at LHCb

Aliev & Savci, PRD 60, 014005 (1999)
Erkol & Turan, Eur. Phys. Jour. C 28, 243 (2003)

JHEP12 125 (2012)

arXiv:1303:6010,	
  acc.	
  by	
  PRD	
  

Cabibbo-­‐suppressed	
  version	
  of	
  Bàhsll,	
  rate	
  a	
  factor	
  ~25	
  lower	
  

Br(B+ ! ! +µ+µ" ) = (2.4 ± 0.6stat ± 0.2syst )#10
"8
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Figure 3. Invariant mass distribution of B+→ π+µ+µ− candidates with the fit projection overlaid
(a) in the full mass range and (b) in the region around the B mass. In the legend, “part. reco.”
and “combinatorial” refer to partially reconstructed and combinatorial backgrounds respectively.
The discontinuity at 5500 MeV/c2 is due to the removal of data used for training the BDT.

reweighted according to the PID efficiencies derived from data, as described in section 2.2.

This adjusts the B+→ J/ψK+ invariant mass distribution to remove the effect of the kaon

PID requirement used to isolate B+ → J/ψK+, and to reproduce the effect of the pion

PID requirement used to isolate B+ → π+µ+µ−. In addition, there is a difference in the

lineshapes of the B+→ J/ψK+ and B+→ K+µ+µ− invariant mass distributions under the

pion mass hypothesis. This effect arises from the differences between the two decay modes’

dimuon energy and hadron momentum spectra, and is therefore corrected by reweighting

B+→ J/ψK+ candidates in terms of these variables. The Mπ+µ+µ− distribution after both

weighting procedures have been applied is shown in figure 2(b).

3.3 Reconstructed B+→ π+µ+µ− and B+→ K+µ+µ− candidates

The yield of misidentified B+ → K+µ+µ− candidates in the B+ → π+µ+µ− invariant

mass distribution is constrained to the expectation given in section 2.2. Performing the fit

without this constraint gives a yield of 5.6 ± 6.4 misidentified B+→ K+µ+µ− candidates.

The yields for the peaking background components are constrained to the expectations

given in section 2.2. For both the Mπ+µ+µ− and MK+µ+µ− distributions, the exponential

PDF used to model the combinatorial background has a step in the normalisation at

5500 MeV/c2 to account for the data used for training the BDT.

The Mπ+µ+µ− and MK+µ+µ− distributions are shown in figures 3 and 4, respectively.

The fit gives a B+→ π+µ+µ− signal yield of 25.3 +6.7
−6.4, and a B+→ K+µ+µ− signal yield

of 553 +24
−25.

3.4 Cross check of the fit procedure

The fit procedure was cross-checked on B+ → J/ψπ+ decays, accounting for the back-

ground from B+ → J/ψK+ decays. The resulting fit is shown in figure 5. The shape of

the combined B+ → J/ψπ+ and B+ → J/ψK+ mass distribution is well reproduced. The

B+ → J/ψK+ yield is not constrained in this fit. The fitted yield of 1024 ± 61 candidates

– 7 –

events 



B0(s)àµ+µ-	



•  Rare	
  in	
  SM:	
  FCNC	
  process,	
  helicity	
  suppressed	
  
•  SensiLve	
  to	
  scalar	
  and	
  pseudoscalar	
  NP	
  contribuLons	
  
•  Precise	
  SM	
  predicLon	
  [Buras	
  et	
  al.,	
  2012]	
  
•  Time-­‐integrated	
  Br	
  [Bruyn	
  et	
  al.,	
  2012],	
  with	
  ys	
  and	
  AΔΓ	
  	
  from	
  HFAG:	
  

B
0
s
→ µ+µ−

Motivations

Rare in SM: FCNC process and helicity suppressed
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Sensitive to scalar and pseudo-scalar NP contributions

Precise predictions (purely leptonic final state)[Buras et al., 2012]:

B(B0

s
→ µ+µ−)1

SM
= (3.56± 0.30)× 10−9

B(B0→ µ+µ−)
SM
= (1.07± 0.10)× 10−10

1
Time integrated B obtained [Bruyn et al., 2012] with ys and τ

B0
s

from [HFAG, 2012]
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  B0(s)àµ+µ-:	
  analysis	
  strategy	
  

Rare decays @ LHCb Justine Serrano 7 

Analysis strategy 

Selection 
muon-based trigger 
Soft selection  
Similar to control channels 
Blind signal region (MBd-60MeV, MBs+60MeV) 
 

Signal and background discrimination: 
Invariant mass  
boosted decision tree combining kinematic and geometrical properties 
Data driven calibration through control channels 
 

Normalization with channels of known BR: B+ K+ and Bd   
 
Background estimation 

combinatorial from mµµ sidebands 
detailed study on various exclusive backgrounds 

 
BR measurement using a maximum likelihood fit in bins of BDT 
Limit measurement using the modified frequentist CLs method in bins of mass and BDT 

B
0
s
→ µ+µ−

LHCb Analysis Strategy

NB0

(s)
→µ+µ− : A Needle in a Haystack

∼ 40 B
0

s
→ µ+µ− evts (SM)

Huge Combinatorial background

Partially reconstructed and mis-id:

B
0

(s)
→ h

+
h
�−

B
0

s
→ K

−µ+νµ B
0,+→ π0,+µ+µ−

Λb→ pµ−νµ B
0→ π−µ+νµ B

+
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Sig. Like
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←

Extract Signal From Background

Loose event selection then classification in the plane:

mµµ × Boosted Decision Tree
�

based on geometry and kinematics

Both classifier PDFs obtained with data driven methods (Bkg PDF
�

)

Upper Limits: CLs

B Measurements: Simultaneous Fit to mµµ in all BDT Ranges
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•  Huge	
  combinatorial	
  background	
  
•  ParLally	
  reconstructed	
  decays	
  and	
  

parLcle	
  mis-­‐ID	
  

•  Signal	
  to	
  background	
  discriminaLon:	
  
•  Loose	
  event	
  selecLon	
  	
  
•  classificaLon	
  in	
  the	
  plane	
  mµµ	
  x	
  BDT	
  

based	
  on	
  geometry	
  and	
  kinemaLcs	
  
•  Background	
  PDFs	
  obtained	
  with	
  data	
  

driven	
  methods	
  	
  
•  BF	
  measurement:	
  simultaneous	
  fit	
  to	
  mµµ	
  

in	
  BDT	
  bins	
  (LHCb)	
  or	
  categories	
  (CMS)	
  
•  Upper	
  limits:	
  CLs	
  

Analysis overview

B
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• Signal B0
s → µ+µ−

� two muons from one decay vertex

well reconstructed secondary vertex

momentum aligned with flight direction

mass around mB0
s

isolated

• Background

� combinatorial (from sidebands)

two semileptonic (B) decays (gluon splitting)

one semileptonic (B) decay and one misidentified hadron

� rare single B decays (from MC simulation)

non-peaking, e.g. B0
s → K−µ+ν, Λb → pµ+ν

peaking, e.g. B0
s → K+K−

⇒ Critical issues

� optimized selection

� muon misidentification probability

enters quadratically for peaking bg

� pileup (isolation)
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• Probability distribution functions

� peaking components: Crystal Ball (w/ and w/o Gaussian)

� combinatorial background: polynomial of first degree

� b → uµν̄ background: Gaussian kernels for MC-predicted mixture

� per-event mass resolution included (excellent data/MC agreement)

• Fit for B0
s and B0

simultaneously

� peaking background

constrained to expectation

normalized to measured B+
yield

yield cross checked on independent data set

� semileptonic background

fixed shape

floating normalization within uncertainties

(dominated by unknown Λb → pµν)

� combinatorial background

no constraint on slope

validated with independent data set

varied functional form
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CLS for the 1D-BDT approach

• Results of the UML fit in the categorized-BDT approach

B(B0
s → µ+µ−) = (3.0+1.0

−0.9) × 10−9

B(B0 → µ+µ−) = (3.5+2.1
−1.8) × 10−10

B(B0
s → µ+µ−) = [3.0+0.9

−0.8(stat)
+0.6
−0.4(syst)] × 10

−9

� significances

• B0
s → µ+µ−

: 4.3σ [expected 4.8σ (median)]

• B0 → µ+µ−
: 2.0σ

[B0
(B0

s) left floating for B0

s (B0
) significance]

� UML fit in the 1D-BDT approach

• B0
s → µ+µ−

: 4.8σ [expected 4.7σ (median)]

� external input

B(B+
) = (6.0 ± 0.2) × 10

−5
(PDG)

fs/fu = 0.256 ± 0.020 ± 0.013extrapol. (LHCb)

[cross check with B0
s → J/ψφ and B± → J/ψK±

vs. (p⊥, η)]

• Upper limit on B0 → µ+µ−

B(B0 → µ+µ−) < 1.1 × 10−9 95%CL
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0 ! µ+µ" ) = (2.9 "1.0

+1.1(stat) "0.1
+0.3(syst))#10"9 4.0! (3.0 "0.9

+1.0)#10"9 4.3!
Br(Bd

0 ! µ+µ" ) = (3.7 "2.1
+2.4(stat) "0.4

+0.6(syst))#10"10 2.0! (3.5 "1.8
+2.1)#10"10 2.0!
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• Probability distribution functions

� peaking components: Crystal Ball (w/ and w/o Gaussian)
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B0(s)àµ+µ-:	
  implicaLons	
  
LHCb + CMS 

CMS also showed un update using the full statistics at EPS 
Combining CMS and LHCb: 

Rare decays @ LHCb Justine Serrano 9 

90 10)7.09.2()( SBBR106.1
4.1

0 10)6.3()(BBR

1  

First observation !! 

CMS PAS BPH-13-007, LHCb-CONF-2013-012 

From D. Straub, arXiv:1205.6094 

B
0
s
→ µ+µ−

LHC Wide [CMS and LHCb, 2013]

New Results by CMS [CMS, 2013]

25 fb−1 of integrated luminosity

B(B0

s
→ µ+µ−)= (3.0+1.0

−0.9)× 10−9 Significance = 4.3σ (4.8 Expected)

B(B0→ µ+µ−)= (3.5+2.1
−1.8)× 10−10 Significance = 2.0σ

Weighed B Average (not Likelihood Combination)

Significance

B(B0

s
→ µ+µ−)

LHC
= (2.9± 0.7)× 10−9 > 5σ

B(B0→ µ+µ−)
LHC
= (3.6+1.6

−1.4)× 10−10 > 3σ
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MFV: Minimal Flavour Violation models"
SM4: SM with a fourth generation "
RSc: Randall-Sundrum model with custodial protection"

" " " " " "[Blanke et al., 2009]"
MSSM: Minimal SUSY flavour models "

"AC: Agashe and Carone [Agashe and Carone, 2003] ""
"RVV2: Ross, Velasco-Sevilla and Vives"
" " " " " "[Ross et al., 2004]"

 "AKM10: Antusch, King and Malinsky"
" " " " " "[Antusch et al., 2008] "

"LL11: left-handed currents only [Hall & Murayama, 1995]	
  

B
0
s
→ µ+µ−

Motivations

Rare in SM: FCNC process and helicity suppressed

B0
s

µ

µ

W+

W− Z0
t B

0
s

µ

µ

H
+

W
−h

0, H0, A0

t

B(B0

(s)
→ µ+µ−) ∝

�
1−

4m2

µ

m2

B

�
|CS − C �

S |2 +

����(CP − C �
P) + 2

mµ

m2

B

(C10 − C �
10

)

����
2

Sensitive to scalar and pseudo-scalar NP contributions

Precise predictions (purely leptonic final state)[Buras et al., 2012]:

B(B0

s
→ µ+µ−)1

SM
= (3.56± 0.30)× 10−9

B(B0→ µ+µ−)
SM
= (1.07± 0.10)× 10−10

1
Time integrated B obtained [Bruyn et al., 2012] with ys and τ

B0
s

from [HFAG, 2012]
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(semi)	
  leptonic	
  decays	
  with	
  τ	
  leptons	
  
•  B	
  à	
  τν	
  and	
  B	
  →	
  D(*)τν	
  are	
  tree	
  level	
  decays	
  mediated	
  by	
  a	
  W	
  in	
  SM	
  
•  Lepton	
  universality	
  in	
  SM,	
  might	
  be	
  broken	
  by	
  mass-­‐dependent	
  couplings	
  	
  
à	
  	
  Probe	
  SM	
  extensions	
  to	
  models	
  with	
  enlarged	
  Higgs	
  sector,	
  e.g.	
  2-­‐Higgs	
  

	
  Doublet	
  Model	
  (2HDM)	
  of	
  MSSM	
  

ubBVf
	
  B+	
  

W+	
  (H+)	
  

SM Charged Higgs 

SM	
  expectaLon:	
  

B

ν

W −

*D
Vcb	
  

W- (H-) τ	



D(*) 

ν	



B 

Decays	
  involving	
  τ	
  	
  have	
  addiLonal	
  helicity	
  amplitude	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
ContribuLon	
  from	
  H±	
  expected	
  to	
  enhance	
  rates	
  for	
  B	
  →	
  D(*)τν	
  	
  
Test	
  SM	
  by	
  measuring	
  raLos	
  (theoreLcally	
  and	
  experimentally	
  cleaner)	
  

)(
)()(

)(
)()( *

*
*

ν

τν
ν
τν

 DB
DBDR

DB
DBDR

→Γ

→Γ
=

→Γ

→Γ
=

R(D) = 0.297 ± 0.017          R(D*)=0.252 ± 0.003 SM:	
  
Based	
  on	
  S.	
  Fajfer,	
  J.	
  Kamenik,	
  I.	
  Nisandzic,	
  PRD	
  85,	
  094025	
  (2012)	
  

1.01 ± 0.29 × 
Based	
  on	
  average	
  of	
  incl.	
  and	
  excl	
  Vub,	
  fB	
  from	
  Na	
  et	
  al.,	
  2012	
  

B à τν	



B à D(*) τν	
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(semi)	
  leptonic	
  decays	
  with	
  taus	
  

•  BB	
  events	
  are	
  fully	
  reconstructed	
  
–  One	
  B	
  decay	
  is	
  fully	
  reconstructed	
   	
  

	
  (hadronic	
  or	
  semileptonic	
  tag)	
  
–  Look	
  for	
  signal	
  decay	
  of	
  2nd	
  B	
  meson	
  

•  DiscriminaLng	
  variables	
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BB++!"!"++# # Event SelectionEvent Selection
Event Selection

! Reconstruct hadronic Btag

! Reconstruct 1-prong  " decay modes:
   e#e###,,    $#$###,  ,  %#%#, , and &#!%&#!%++%%00##

! Exactly 1 track in event
! 2-variable LHR for %# (p*% and cos!miss)
! 4-variable LHR for &# (cos!miss, m%0, m%%0, p*&)

!  Key variable: Eextra
! Sum of all neutral energy

not associated with Bsig or Btag
! Should be ~0 for signal
! Misreconstructions, split-offs,

&  beam bkgs produce excess
signal

bkg

Eextra distributions

0                   20                  40                   60                  80                100

! Suppress continuum bkg
using event-shape variables

PRD 88, 031102
(2013)
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B!DB!D((**))"#"# Event Selection Event Selection
Event Selection:
! Reconstruct hadronic Btag
! Reconstruct D0, D*0, D+, D*+ candidates
! Exactly one leptonic track ("!e##, µ##)
! Boosted Decision Trees to reduce bkgs:

! Eextra, mD(*), event-shape, etc.
! q2 > 4 GeV2 to reduce bkg & B!D(*)$# 
! pmiss > 200 MeV

MC Simulations

D!"
D#"! Key variables to discriminate signal/normalization:

  m2
miss and p*ℓ  in Bsig rest frame 

PRD 109, 1018022
(2012)

curves normalized to 1000 events

•  Due	
  to	
  the	
  presence	
  of	
  at	
  least	
  two	
  neutrinos	
  in	
  the	
  final	
  state,	
  B	
  Factories	
  
offer	
  the	
  most	
  favorable	
  experimental	
  environment	
  

Eextra:	
  sum	
  of	
  
calorimeter	
  
energy	
  not	
  
associated	
  with	
  
signal	
  or	
  tag	
  

Common reconstruction methodology 

!"##"$%#&' ()'*+,--.' $#'

•! Take advantage of the clean e+e- !(4S)  BB environment  

–! perform a tagged analysis reconstructing both B mesons  

•!'(,--/'0123+450,25'3+1'6'76589:'

.+';8<03+.2'=3<14'
>>?'@;1'<.012A3+'3B'5;1'6'.+'5;1'

4.9+8-'4.<1'.4'B,--/'<1510=.+1<'

•!'C1-125'1D1+54'E/F'

•!'G33H'B30'4.9+8-'<128/4'

.+'5;1'0145'3B'1D1+5'

6589';8<03+.2'0123+450,2A3+F'

•!'I.9;'J,0.5/'6K48=J-1'E,5'-3L'1M2.1+2/'7!'N%)#O:'

•!'P1L'6*6*Q'8+8-/414'&R'=301'1M2.1+5'5;8+'J01D.3,4'

*-510+8AD1'589'=15;3<',414'41=.-1J53+.2'6'<128/4'

•!'I.9;10'1M2.1+2/'E,5'-3L10'J,0.5/'

•!'S+'91+108-'4.=.-80'41+4.AD.5/'

! 

"E =
s

2
# EB

*
; mES =

s

4
# pB

*2

mES (GeV/c2) 

Hadronic tag in  

B  D*"#$

B à τν	

 B àD(*) τν	
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B!DB!D((**))"#"# Event Selection Event Selection
Event Selection:
! Reconstruct hadronic Btag
! Reconstruct D0, D*0, D+, D*+ candidates
! Exactly one leptonic track ("!e##, µ##)
! Boosted Decision Trees to reduce bkgs:

! Eextra, mD(*), event-shape, etc.
! q2 > 4 GeV2 to reduce bkg & B!D(*)$# 
! pmiss > 200 MeV

MC Simulations

D!"
D#"! Key variables to discriminate signal/normalization:

  m2
miss and p*ℓ  in Bsig rest frame 

PRD 109, 1018022
(2012)

curves normalized to 1000 events

2 

Squared	
  missing	
  mass	
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B  ! ": results from Belle 

!"##"$%#&' ()'*+,--.' $/'

•! 2 dimensional fit to: 
–! Extra neutral energy EECL 

•! Relative to previous hadronic-tag Belle analysis 
–! x2.2 tag efficieny  

      (615 decay modes) 

–! x1.8 signal efficiency 

  (1-prong decays as BABAR) 

–! x1.7 luminosity 

•! PDFs obtained from MC, validated with 

control sampless: 
–! Signal: B  D*0l!"

–! Background: Mbc and EECL sidebands 

! 

" mmiss

2 = p
e

+
e
" " ptag " psig( )

2

0123456,+7'

8.4+1-''9&)%#:'

;<'

Mbc (GeV/c2) 

Belle 

Belle 

Belle, PRL 110, 131801 (2013) B+àτ+ν:	
  results	
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BB++!"!"++#: #: Combined ResultsCombined Results

             Data
          Background
          Fit to Signal

Exclusion of null hypothesis at 3.8 ! (incl. syst.)

Excess of events
at low Eextra

All " modes are fit simultaneously  These hadronic tag results
     are combined with 

      BaBar 2010 SL tag results

PRD 88, 031102
(2013)

SM prediction depends 
on how |Vub| is obtained

B  ! ": results from BABAR 

!"##"$%#&' ()'*+,--.' $&'

•! Full event reconstruction 

–! Hadronic tag (see slide 19)  

–! Bsig  ! "!;  !  e"!"e,  µ"!"µ,  #",  $(#+#0)"!%

•! i.e.only 1-prong ! decays are used  (~70% of all ! decays) 

Y(4S) Btag 
Bsig 

!"

•! Main discriminating variable : Eextra 

•! sum of the energy of the calorimeter clusters 

not associated with the reconstructed B’s 

•! For correctly reconstructed events it accounts 

just for small beam background and secondary  

interactions ==> Eextra ~ 0 

•! Fit to the Eextra distributions of each ! decay mode 

•! Signal PDF from MC, corrected with info from 

double tagged events 

•! Combinatorial background from mES sideband 
/012345,+6'

BABAR 

preliminary 

BABAR, arXiv:1207.0698 

PRD	
  88,	
  031102	
  (2013)	
  

PRL	
  110,	
  131801	
  (2013)	
  

Looking for NP with B decays

CDF

62.1 ± 17.3 events, 426 fb-1  events, 711 fb-1  

Br(B! !" ) = [1.83 "0.49
+0.53 ± 0.24]#10"4 Br(B! !" ) = [0.72"0.25

+0.27± 0.11]#10"4
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B+àτ+ν:	
  interpretaLon	
  

B   ! ": Results vs SM 

!"##"$%#&' ()'*+,--.' $/'

  

! 

B(B"#$) = 1.15 ± 0.23( ) %10&4012'3415361'

Fit to CKM parameters without B(B !") Fit to CKM parameters without 

B(B !") and sin2!"

Dana Lindemann Aug 27, 2013 - SLAC 15

    Results are in excess of SM values and with other
Unitarity Triangle measurements

Excess in Excess in BB++!"!"++##

Global fit to 
Unitary Triangle
without B(B!"#) 
measurement 

Pre-2012
PDG ave.

Inclusive |Vub|
Exclusive |Vub|2012 BaBar BF

Hints of New Physics?

Or just statistical fluctuations?

PRD 88, 031102
(2013)

Type-II 2HDM constraints

B  ! " 

•! Tree-level leptonic decays 

–! No QCD uncertainties from hadrons in the final state 

–! BF depends on fB and Vub     

!"##"$%#&' ()'*+,--.' $$'

•! A charged Higgs would change the rates of leptonic decays. 

•! Branching fraction theoretical expression depends on the NP model 

      

! 

B(B" !# )
SM

=
G

F

2
m

B
m
!

2

8$
1%

m
!

2

m
B

2

& 

' 
( 

) 

* 
+ 

2

V
ub

2

f
B

2 ,
B

B decay constant from 

Lattice calculations 

Vub from global 

CKM fit 

•! Standard Model prediction:  

•! B(/' '! ") = (1.01 ± 0.29) x 10-4 

- |Vub| = 3.95 ± 0.55  average of |Vub| from excl. and incl. charmless semileptonic decays   

       - fB = (191 ± 9) GeV       (Na et al., 2012)  

•! Previous analyses used  both hadronic  and semileptonic tag  

SM	
  

SM Charged Higgs 

Type-­‐II	
  2HDM	
  constraints	
  

Fit	
  to	
  CKM	
  parameters	
  without	
  
B(Bàτν)	
  and	
  sin2β	
  constraints	
  

The	
  Belle	
  update	
  of	
  BR(B→τν)	
  decreases	
  the	
  
world	
  average.	
  Discrepancy	
  in	
  the	
  CKM	
  global	
  
fit	
  between	
  the	
  world	
  averages	
  for	
  B(Bàτν)	
  

and	
  sin2β	
  has	
  been	
  eased	
  significantly.	
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BàD(*)τν decays	


•  A simple tree process, form factors measured for B → D(*)l ν,                                  

decays involving τ  have additional helicity amplitude          
•  non-SM contribution  from H± expected to enhance or suppress rates for B → D(*)τν 	


•  Test SM prediction by measurement of ratios:     

 
 
              Several experimental and theoretical uncertainties cancel in the ratio! 
 
•  BB events are fully reconstructed (3 ν in final state! ) 

–  hadronic B tag 
–  D(*)	
  e± or µ±	
  :	
  No	
  addiLonal	
  charged	
  parLcles,	
  	
  Eextra<0.5GeV	
  (no	
  cut)	
  
–  Background	
  suppression	
  by	
  BDT	
  (combinatorial	
  BG	
  and	
  D**lν)	
   

Signal extraction by unbinned M.L. fit, fully 2-dimensional:  M2
miss vs p*lepton (e±,µ±) 

D0l,	
  D*0l,	
  D+l,	
  D*+l,	
  	
  (e±	
  or	
  µ±)	
  
	
  4	
  D(*)π0lν	
  control	
  samples	
  to	
  assess	
  D**	
  lν backgrounds	
  

)(
)()(

)(
)()( *

*
*

ν

τν
ν
τν

 DB
DBDR

DB
DBDR

→Γ

→Γ
=

→Γ

→Γ
=

Leptonic τ  
decays only 

B

ν

W −

*D
Vcb	
  

W- (H-) τ	



ν	



B 

D(*) 
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BàD(*)τν: fit	
  results	
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  PRL101802	
  (2012)	
  

D0	
  

D+	
  

D0 

D+	
  

Fit results, combined using 
Isospin relations: 

Nsignal         489 ± 63 
R(D)          0.440 ± 0.058  
syst. error              ± 0.042   

Nsignal         888 ± 63 
R(D*)      0.332 ± 0.024 
syst. error              ± 0.018	
  

B →D τ	
  ν	



B →D* τ	
  ν	



Looking for NP with B decays

CDF
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Results	
  and	
  implicaLons	
  on	
  type-­‐II	
  2HDM	
  

Earlier	
  Belle	
  measurements	
  confirm	
  this	
  trend.	
  
Unpublished	
  deviaLons	
  from	
  SM	
  of	
  Belle	
  
results	
  presented	
  at	
  FPCP	
  2013	
  (A.	
  Bozek)	
  

R(D*)	
  :	
  3.0σ	
  ;	
  R(D)	
  :	
  1.4σ	
  	
  
WaiLng	
  for	
  final	
  results	
  from	
  Belle	
  to	
  confirm!	
  

 Combination of R(D) 
and R(D*)  excludes 

SM at 3.4σ	



From the estimated effect of on the signal, 
the type II 2HDM can be excluded in the 

full tanβ - mH parameter space at >99.8%, 
provided mH>15 GeV. 

Dana Lindemann Aug 27, 2013 - SLAC 23

B!DB!D((**))"#"# Results versus SM  Results versus SM 

Averages do not include these results

BaBar    
SM 2.0$

BaBar    
SM

2.7$

 R(D) and R(D*) not independent 
due to D* ! D feed-down:
 -27% correlation

BaBar 2012

Combined R(D(*)) deviation from SM: 3.4!

Combined with Belle's 
conservative estimate:

R(D(*)) deviation = 4.8! 

Bailey, et al, PRL 109, 071802 (2012)

PRD 109, 1018022
(2012)

New Lattice QCD value:

R(D) = 0.316 ± 0.012 ± 0.007 
! R(D(*)) deviation = 3.2!

A. Bozek, FPCP 2013

PRL	
  101802	
  (2012)	
  

Looking for NP with B decays

CDF

A charged Higgs (2HDM type II) of 
spin 0 coupling to the τ will only 
affect scalar helicity amplitude 
	
  

-  for  Dτν   + for D*τν   
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Limits	
  on	
  type-­‐III	
  2HDM	
  
•  Type-­‐II	
  2HDM	
  corresponds	
  to	
  a	
  special	
  case	
  
•  More	
  general	
  models	
  exist,	
  for	
  instance	
  type-­‐III	
  HDM,	
  	
  

–  e.g.	
  Crivellin	
  et	
  al,	
  arXiv:1206.2634(2012);	
  Dara	
  et	
  al,	
  PRD	
  86,	
  034027(2012)	
  

  SL	
  (SR)	
  parameterize	
  complex	
  couplings	
  of	
  leq-­‐	
  (right-­‐)	
  handed	
  quarks	
  	
  

•  Impact	
  on	
  R(D(*))	
  
	
  
•  Type-­‐II	
  2HDM	
  is	
  recovered	
  if	
  SR = −mbmτ tan2β/m2

H+,	
  SL = 0.	
  

B  D(*) ! ": limits on Type-III 2HDM 

!"##"$%#&' ()'*+,--.' &#'

Impact on R(D(*)): 

General spin-0 

interactions 

Corresponds to Type-II 2HDM case for SL=0 

Type III  

•! 4 solutions for real 

SR,SL values. 

•! Complex values alo 

allowed 

•! Type II has no 

solutions 

BABAR, arXiv:1303.0571 (2013) 

B  D(*) ! ": limits on Type-III 2HDM 

!"##"$%#&' ()'*+,--.' &#'

Impact on R(D(*)): 

General spin-0 

interactions 

Corresponds to Type-II 2HDM case for SL=0 

Type III  

•! 4 solutions for real 

SR,SL values. 

•! Complex values alo 

allowed 

•! Type II has no 

solutions 

BABAR, arXiv:1303.0571 (2013) 

arXiv:1303.0571	
  (2013)	
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Type-­‐II	
  has	
  no	
  
soluLons!	
  

Looking for NP with B decays

CDF
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FIG. 20. (Color online). Comparison of the results of this
analysis (light band, blue) with predictions that include a
charged Higgs boson of type II 2HDM (dark band, red). The
widths of the two bands represent the uncertainties. The SM
corresponds to tanβ/mH+ = 0.
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FIG. 21. (Color online). Level of disagreement between this
measurement of R(D(∗)) and the type II 2HDM predictions
for all values in the tanβ–mH+ parameter space.

by B → Xsγ measurements [22], and therefore, the type
II 2HDM is excluded in the full tanβ–mH+ parameter
space.
The excess in both R(D) and R(D∗) can be explained

in more general charged Higgs models [44–47]. The ef-
fective Hamiltonian for a type III 2HDM is

Heff =
4GFVcb√

2

[

(cγµPLb) (τγ
µPLντ )

+ SL(cPLb) (τPLντ ) + SR(cPRb) (τPLντ )
]

, (31)

where SL and SR are independent complex parameters,
and PL,R ≡ (1 ∓ γ5)/2. This Hamiltonian describes the
most general type of 2HDM for which m2

H+ % q2.
In this context, the ratios R(D(∗)) take the form

R(D) = R(D)SM +A
′

DRe(SR + SL) +B
′

D|SR + SL|2,

R(D∗) = R(D∗)SM +A
′

D∗Re(SR − SL) +B
′

D∗ |SR − SL|2.

The sign difference arises because B → Dτ−ντ decays
probe scalar operators, while B → D∗τ−ντ decays are
sensitive to pseudo-scalar operators.
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FIG. 22. (Color online). Favored regions for real values of the
type III 2HDM parameters SR and SL given by the measured
values of R(D(∗)). The bottom two solutions are excluded by
the measured q2 spectra.

The type II 2HDM corresponds to the subset of
the type III 2HDM parameter space for which SR =
−mbmτ tan2β/m2

H+ and SL = 0.
The R(D(∗)) measurements in the type II 2HDM con-

text correspond to values of SR±SL in the range [−7.4, 0].
Given that the amplitude impacted by NP contributions
takes the form

|Hs(SR ± SL; q
2)| ∝ |1 + (SR ± SL)× F (q2)|, (32)

we can extend the type II results to the full type III
parameter space by using the values of R(D(∗)) ob-
tained with Hs(SR ± SL) for Hs(−SR ∓ SL). Given the
small tanβ/mH+ dependence of R(D∗) (Fig. 20), this
is a good approximation for B → D∗τ−ντ decays. For
B → Dτ−ντ decays, this is also true when the decay am-
plitude is dominated either by SM or NP contributions,
that is, for small or large values of |SR+SL|. The shift in
the m2

miss and q2 spectra, which results in the 40% drop
on the value ofR(D) shown in Fig. 20, occurs in the inter-
mediate region where SM and NP contributions are com-
parable. In this region, Hs(SR + SL) )= Hs(−SR − SL),
and, as a result, the large drop in R(D) is somewhat
shifted. However, given that the asymptotic values of
R(D) are correctly extrapolated, R(D) is monotonous,
and the measured value of R(D∗) is fairly constant, the
overall picture is well described by the Hs(SR ± SL) ≈
Hs(−SR ∓ SL) extrapolation.
Figure 22 shows that for real values of SR and SL,

there are four regions in the type III parameter space
that can explain the excess in both R(D) and R(D∗).
In addition, a range of complex values of the parameters
are also compatible with this measurement.

C. Study of the q2 spectra

As shown in Sec. II B, the q2 spectrum of B → Dτ−ντ

decays could be significantly impacted by charged Higgs
contributions. Figure 23 compares the q2 distribution of
background subtracted data, corrected for detector effi-
ciency, with the expectations of three different scenarios.
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FIG. 21. (Color online). Level of disagreement between this
measurement of R(D(∗)) and the type II 2HDM predictions
for all values in the tanβ–mH+ parameter space.

by B → Xsγ measurements [22], and therefore, the type
II 2HDM is excluded in the full tanβ–mH+ parameter
space.
The excess in both R(D) and R(D∗) can be explained

in more general charged Higgs models [44–47]. The ef-
fective Hamiltonian for a type III 2HDM is

Heff =
4GFVcb√

2

[

(cγµPLb) (τγ
µPLντ )

+ SL(cPLb) (τPLντ ) + SR(cPRb) (τPLντ )
]

, (31)

where SL and SR are independent complex parameters,
and PL,R ≡ (1 ∓ γ5)/2. This Hamiltonian describes the
most general type of 2HDM for which m2

H+ % q2.
In this context, the ratios R(D(∗)) take the form

R(D) = R(D)SM +A
′

DRe(SR + SL) +B
′

D|SR + SL|2,

R(D∗) = R(D∗)SM +A
′

D∗Re(SR − SL) +B
′

D∗ |SR − SL|2.

The sign difference arises because B → Dτ−ντ decays
probe scalar operators, while B → D∗τ−ντ decays are
sensitive to pseudo-scalar operators.
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FIG. 22. (Color online). Favored regions for real values of the
type III 2HDM parameters SR and SL given by the measured
values of R(D(∗)). The bottom two solutions are excluded by
the measured q2 spectra.

The type II 2HDM corresponds to the subset of
the type III 2HDM parameter space for which SR =
−mbmτ tan2β/m2

H+ and SL = 0.
The R(D(∗)) measurements in the type II 2HDM con-

text correspond to values of SR±SL in the range [−7.4, 0].
Given that the amplitude impacted by NP contributions
takes the form

|Hs(SR ± SL; q
2)| ∝ |1 + (SR ± SL)× F (q2)|, (32)

we can extend the type II results to the full type III
parameter space by using the values of R(D(∗)) ob-
tained with Hs(SR ± SL) for Hs(−SR ∓ SL). Given the
small tanβ/mH+ dependence of R(D∗) (Fig. 20), this
is a good approximation for B → D∗τ−ντ decays. For
B → Dτ−ντ decays, this is also true when the decay am-
plitude is dominated either by SM or NP contributions,
that is, for small or large values of |SR+SL|. The shift in
the m2

miss and q2 spectra, which results in the 40% drop
on the value ofR(D) shown in Fig. 20, occurs in the inter-
mediate region where SM and NP contributions are com-
parable. In this region, Hs(SR + SL) )= Hs(−SR − SL),
and, as a result, the large drop in R(D) is somewhat
shifted. However, given that the asymptotic values of
R(D) are correctly extrapolated, R(D) is monotonous,
and the measured value of R(D∗) is fairly constant, the
overall picture is well described by the Hs(SR ± SL) ≈
Hs(−SR ∓ SL) extrapolation.
Figure 22 shows that for real values of SR and SL,

there are four regions in the type III parameter space
that can explain the excess in both R(D) and R(D∗).
In addition, a range of complex values of the parameters
are also compatible with this measurement.

C. Study of the q2 spectra

As shown in Sec. II B, the q2 spectrum of B → Dτ−ντ

decays could be significantly impacted by charged Higgs
contributions. Figure 23 compares the q2 distribution of
background subtracted data, corrected for detector effi-
ciency, with the expectations of three different scenarios.



Adding	
  info	
  from	
  q2	
  distribuLons	
  
Dilepton	
  squared	
  invariant	
  mass	
  q2	
  is	
  sensiLve	
  to	
  Higgs	
  couplings	
  to	
  quarks	
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FIG. 23. (Color online) Efficiency corrected q2 distributions for B → Dτ−ντ (top) and B → D∗τ−ντ (bottom) events with
m2

miss > 1.5GeV2 scaled to the results of the isospin-constrained fit. The points and the shaded histograms correspond to
the measured and expected distributions, respectively. Left: SM. Center: tanβ/mH+ = 0.30GeV−1. Right: tanβ/mH+ =
0.45GeV−1. The B0 and B+ samples are combined and the normalization and background events are subtracted. The
distributions are normalized to the number of detected events. The uncertainty on the data points includes the statistical
uncertainties of data and simulation. The values of χ2 are based on this uncertainty.

Due to the subtraction of the large B → D∗τ−ντ feed-
down in the D# samples, the measured q2 spectrum of
B → Dτ−ντ decays depends on the signal hypothesis.
This dependence is very small, however, because the q2

spectrum of B → D∗τ−ντ decays is largely independent
of tanβ/mH+ .
The measured q2 spectra agree with the SM expec-

tations within the statistical uncertainties. For B →
Dτ−ντ decays, there might be a small shift to lower val-
ues, which is indicated by the increase in the p value for
tanβ/mH+ = 0.30GeV−1. As we showed in Sec. II B,
the average q2 for tanβ/mH+ = 0.30GeV−1 shifts to
lower values because the charged Higgs contribution to
B → Dτ−ντ decays, which always proceeds via an S-
wave, interferes destructively with the SM S-wave. As a
result, the decay proceeds via an almost pure P -wave and
is suppressed at large q2 by a factor of p2D, thus improv-
ing the agreement with data. The negative interference
suppresses the expected value of R(D) as well, however,
so the region with small tanβ/mH+ is excluded by the
measured R(D).
The two favored regions in Fig. 22 with SR+SL ∼ −1.5

correspond to tanβ/mH+ = 0.45GeV−1 for B → Dτ−ντ
decays. However, as we saw in Fig. 3, the charged Higgs
contributions dominate B → Dτ−ντ decays for values
of tanβ/mH+ > 0.4GeV−1 and the q2 spectrum shifts
significantly to larger values. The data do not appear to
support this expected shift to larger values of q2.
To quantify the disagreement between the measured

and expected q2 spectra, we conservatively estimate the
systematic uncertainties that impact the distributions
shown in Fig. 23 (Appendix). Within these uncertainties,
we find the variation that minimizes the χ2 value of those
distributions. Table IX shows that, as expected, the con-

TABLE IX. Maximum p value for the q2 distributions in
Fig. 23 corresponding to the variations due to the system-
atic uncertainties.

B → Dτ−ντ B → D∗τ−ντ

SM 83.1% 98.8%

tanβ/mH+ = 0.30GeV−1 95.7% 98.9%

tanβ/mH+ = 0.45GeV−1 0.4% 97.9%

servative uncertainties give rise to large p values in most
cases. However, the p value is only 0.4% for B → Dτ−ντ

decays and tanβ/mH+ = 0.45GeV−1. Given that this
value of tanβ/mH+ corresponds to SR + SL ∼ −1.5, we
exclude the two solutions at the bottom of Fig. 22 with
a significance of at least 2.9σ.

The other two solutions corresponding to SR+SL ∼ 0.4
do not impact the q2 distributions of B → Dτ−ντ to the
same large degree, and, thus, we cannot exclude them
with the current level of uncertainty. However, these so-
lutions also shift the q2 spectra to larger values due to the
S-wave contributions from the charged Higgs boson, so
the agreement with the measured spectra is worse than
in the case of the SM. This is also true for any other
solutions corresponding to complex values of SR and SL.

On the other hand, contributions to B → Dτ−ντ de-
cays proceeding via P -wave tend to shift the expected
q2 spectra to lower values. Thus, NP processes with
spin 1 could simultaneously explain the excess inR(D(∗))
[44, 45] and improve the agreement with the measured q2

distributions.

,

B  D(*) ! ": information from q2 distributions  

!"##"$%#&' ()'*+,--.' &$'

•! Background subtracted q2 spectra compared with Model prediction 

•! q2 is the momentum transferred to the leptonic system 

SR±SL=0 SR±SL=-0.67 SR±SL=-1.51 

p-value for R(D) is 0.4%, excluding 

solutions around  -1.5  with >2.9#''

/01234/4'

 arXiv:1303.0571 

(2013) 
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•! Background subtracted q2 spectra compared with Model prediction 

•! q2 is the momentum transferred to the leptonic system 

SR±SL=0 SR±SL=-0.67 SR±SL=-1.51 

p-value for R(D) is 0.4%, excluding 

solutions around  -1.5  with >2.9#''
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 arXiv:1303.0571 

(2013) 

At	
  SR ± SL ~ -1.5,	
  p-­‐value	
  for	
  R(D)	
  is	
  0.4%	
  	
  
à	
  Exclusion	
  with	
  significance	
  of	
  at	
  least	
  2.9σ	
  	
  	
  

arXiv:1303.0571	
  (2013)	
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Conclusion	
  
•  B	
  and	
  Bs	
  decays	
  are	
  great	
  probes	
  to	
  search	
  for	
  new	
  physics	
  effects	
  

induced	
  by	
  virtual	
  parLcles	
  in	
  tree	
  and	
  loop	
  diagrams	
  
•  New	
  physics	
  has	
  not	
  been	
  discovered,	
  however	
  there	
  are	
  intriguing	
  

“tensions”	
  
–  Angular	
  analysis	
  of	
  K*µµ	


–  Isospin	
  analysis	
  of	
  Kµµ	
  (not	
  discussed)	
  
–  BàD(*)τν	



•  These	
  	
  should	
  be	
  followed	
  up	
  by	
  collecLng	
  more	
  data,	
  analyzing	
  other	
  
decay	
  modes	
  and	
  performing	
  more	
  accurate	
  theoreLcal	
  studies	
  

•  B	
  Factories	
  and	
  hadron	
  colliders	
  nicely	
  complement	
  each	
  other	
  	
  
–  Experiments	
  at	
  the	
  B	
  Factories	
  have	
  nearly	
  completed	
  measurements	
  on	
  

their	
  final	
  samples	
  
–  LHCb	
  is	
  now	
  the	
  major	
  driver	
  in	
  many	
  channels	
  	
  
–  ATLAS	
  and	
  CMS	
  can	
  give	
  substanLal	
  contribuLons	
  in	
  very	
  rare	
  decays	
  with	
  

muons	
  
–  Belle-­‐II	
  will	
  enter	
  into	
  the	
  game	
  on	
  a	
  longer	
  Lme	
  scale	
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Justine Serrano 4 

LHCb 

Forward spectrometer optimised for heavy flavour physics at the LHC 
Large acceptance 2< <5 
Low trigger thresholds 
Precise vertexing 
Efficient particle identification 
Large boost (B mesons flight ~1cm) 
 

Rare decays @ LHCb 

LHCb	
  
Forward	
  spectrometer	
  opLmised	
  for	
  heavy	
  
flavour	
  physics	
  at	
  the	
  LHC	
  	
  
•  Large	
  acceptance	
  2<η<5	
  	
  
•  Low	
  trigger	
  thresholds	
  	
  
•  Precise	
  vertexing	
  
•  Efficient	
  parLcle	
  idenLficaLon	
  	
  
•  Running	
  at	
  a	
  constant	
  luminosity	
  of	
  

4x1032	
  cm-­‐2s-­‐1,	
  <µ>~1.7,	
  4x	
  design	
  

Justine Serrano 4 

LHCb 

Forward spectrometer optimised for heavy flavour physics at the LHC 
Large acceptance 2< <5 
Low trigger thresholds 
Precise vertexing 
Efficient particle identification 
Large boost (B mesons flight ~1cm) 
 

Rare decays @ LHCb 

Data taking conditions 

Running at a constant luminosity of 
4.1032 cm-2 s-1 thanks to the 
luminosity leveling 

    This is twice the design luminosity! 
 
Interactions per crossing 

 < >~1.7 
   This is four times more than design! 
 

 

Rare decays @ LHCb Justine Serrano 5 

Recorded integrated luminosity: 
1 fb-1 @ 7TeV (2011) 
2 fb-1 @ 8TeV (2012) 

Data taking conditions 

Running at a constant luminosity of 
4.1032 cm-2 s-1 thanks to the 
luminosity leveling 

    This is twice the design luminosity! 
 
Interactions per crossing 

 < >~1.7 
   This is four times more than design! 
 

 

Rare decays @ LHCb Justine Serrano 5 

Recorded integrated luminosity: 
1 fb-1 @ 7TeV (2011) 
2 fb-1 @ 8TeV (2012) 

•  Large	
  boost	
  (B	
  mesons	
  flight	
  ~1cm)	
  
•  Huge	
  producLon	
  cross	
  secLon	
  (~300µb)	
  
•  Small	
  S/B	
  raLo	
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BàXsγ	


•  The	
  inclusive	
  decay	
  has	
  been	
  

precisely	
  measured	
  at	
  B	
  Factories	
  

•  Known	
  as	
  one	
  of	
  the	
  strongest	
  
constraint	
  in	
  MSSM.	
  Together	
  with	
  
the	
  Higgs	
  mass	
  measurement,	
  only	
  O
(%)	
  of	
  the	
  a-­‐priory	
  phase	
  space	
  leq!	
  

•  Many	
  exclusive	
  modes	
  studied	
  as	
  well	
  
•  At	
  hadron	
  colliders,	
  measure	
  

exclusive	
  decays	
  to	
  keep	
  background	
  
at	
  manageable	
  level	
  

•  LHCb	
  performed	
  first	
  measurements	
  
in	
  the	
  Bs	
  system;	
  now	
  starLng	
  
measuring	
  photon	
  polarizaLon	
  

!"!"#$#
!%&&%#
'()#*#

+%#, " #-.#/#
!!"!""#$#
!!%&&%#
''()#**#

++%#, "" #++%#%# -..#"" ## /#

#0/0# 10/0# 20/0#

B(B → X s d ! )

34"5#
678#90:;

!<=8>?@8.#$=A@B#C#:0D#

sγ

sγ with baryons

dγ

γγ

K0
1(1270)γ

K+
1 (1270)γ

K∗0γ

K∗+γ

K+π−γ (N.R.) §

K0π+π0γ

K+π−π0γ

K+π−π+γ

K∗0π+γ §

K0π+π−γ

K+ρ0γ §

K+π−π+γ(N.R.)§

K∗
3(1780)γ

K∗
3(1780)+γ

K∗
3(1780)0γ

K∗
2(1430)γ

K∗
2(1430)0γ

K∗
2(1430)+γ

K0
1(1400)γ

K+
1 (1400)γ

K∗(1410)0γ
Kηγ

K0ηγ

K+ηγ

K0η γ

K+η γ

K+π−γ §

K+φγ

K0φγ

φγ

ργ

ρ0γ

ρ+γ

ρ/ωγ

ωγ

pΣ0γ

pΛγ

x1/10

BR(BsàΦγ)=	
  (3.5	
  ±	
  0.4)	
  x	
  10-­‐5	
  

BR(bàsγ)	
  =	
  (3.43±0.22)	
  x	
  10-­‐4	
  	
  
in	
  agreement	
  with	
  the	
  SM	
  predicLon	
  	
  

BRSM(bàsγ)	
  =	
  (3.15±0.23)	
  x	
  10-­‐4	
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BàK*µµ:	
  new	
  observables	
  
•  Observables	
  with	
  limited	
  dependence	
  on	
  form-­‐factors	
  	
   	
   	
  	
  	
  

uncertainty	
  have	
  been	
  proposed	
  by	
  several	
  theorists	
  
•  Different	
  set	
  of	
  observables	
  give	
  different	
  constraints	
  ⇒	
  complementarity!	
  	
  Results for new observables 

Good agreement with SM 
predictions from J. Matias et al, 
arXiv:1303.5794 

Rare decays @ LHCb Justine Serrano 16 

arXiv:1308.1707 

preliminary 

preliminary 

preliminary 

Results for new observables 

Good agreement with SM 
predictions from J. Matias et al, 
arXiv:1303.5794 
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Results for new observables 

Good agreement with SM 
predictions from J. Matias et al, 
arXiv:1303.5794 

Rare decays @ LHCb Justine Serrano 16 

arXiv:1308.1707 

preliminary 

preliminary 

preliminary SM	
  predicLons	
  from	
  J.	
  MaLas	
  et	
  al,	
  arXiv:1303.5794	
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some	
  local	
  discrepancies	
  for	
  others	
  

Good	
  
agreement	
  
for	
  some	
  

observables	
  

Descotes-­‐-­‐Genon	
  et	
  al.	
  (arXiv:1307.5683) 	
  	
  
large	
  New	
  Physics	
  contribuLon	
  to	
  the	
  Wilson	
  	
  coefficient	
  of	
  the	
  O9	
  operator	
  	
  

LHCb,	
  arXiv:1308.1707	
  

Sept.	
  6th,	
  2013	
   C.	
  Bozzi	
  -­‐	
  PIC2013	
  -­‐	
  Beijing	
   33	
  



Bàhνν	



•  B→K*νν	
  limits	
  within	
  factor	
  of	
  ~5	
  of	
  
SM	
  predicLons	
  (0.7-­‐1.3x10-­‐5)	
  

•  Uniquely	
  at	
  B	
  Factories!	
  	
  
•  Predict	
  measurement	
  with	
  ~20%	
  

precision	
  at	
  Belle	
  II	
  with	
  50ab-­‐1	
  
Dana Lindemann Aug 27, 2013 - SLAC 38

B!hB!h((**))"""" at Belle at Belle
PRD 87, 111103 (2013)
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Type	
  II	
  2HDM:	
  compare	
  with	
  direct	
  
searches	
  @	
  LHC	
  Type-II 2HDM - connection with LHC   

!"##"$%#&' ()'*+,--.' &%'

B  D(*) ! " and B  ! " 

searches at B factories are 

complementary to direct 

searches at LHC in 

t  b H+ 

                   !"#tan! –mH+ region 

probed at LHC 

*/0*12'3456'#$%78'%&9':$%#$;' <=12'3456'%!8'#>&':$%#$;'

tan! –mH+ BABAR exclusion  plot 
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