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O u t l i neO u t l i ne

  AT L A S  at  L HC

  S e a r c h  f o r  BB
ss
  →μ  →μ++μμ-  -  

  A ng u l a r  a n a lys i s  o f   B B
dd
  K→  K→ *  *  (  K→(  K→ +  +  ππ-- ))   μμ++μμ--

  Co nc l u s i o n s
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AT L A S  de t e c t o rAT L A S  de t e c t o r

Inner Detector (|η| < 2.4)

silicon pixel, strip and  
transition radiation tracker
2T solenoidal field

Muon Spectrometer (|η| < 2.7)

trigger chambers (RPC, TGC),                                                
tracking chambers (MDT, CSC) 
0.5-2 T toroidal field

data taking
events selected by di muon  triggers
challenging pile-up conditions !
2011 > 5 fb-1 recorded (~ 150G B0−pairs )
2012 ~ 23fb-1 recorded 
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S e a r c h  fo r  BS e a r c h  fo r  B
ss
   →μ →μ++μμ-  -  :   r e c e nt  r e s u lt s:   r e c e nt  r e s u lt s

MOTIVATION

NP (pseudo-)scalar op. can lift      
strong SM helicity suppression     
of this FCNC
strong QCD-free constraint
genuine probe of  Yukawa              
interactions
EW precision test                                
(wrt. Z  penguin)     

  Tapei, November, 21 2013                             Jaroslav Günther                                3/15 

 BRSM (B
s
 →  μ+μ-) = (3.23 ± 0.27) x 10 -9 

  Buras et al., Eur.Phys.J. C72 (2012) 2172

Evidences of CMS+LHCb combined: 
BR (B

s
 →  μ+μ-  ) = (2.9 ± 0.7) x 10- 9          

                              LHCb: arXiv:1307.5024   
                                    CMS: arXiv:1307.5025

BR
LH

Cb
 (B

0  →
  

+


-   ) <
 0

.7

D. Straub (arxiv.1205.6094)
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S e a r c h  fo r  BS e a r c h  fo r  B
ss
   →μ →μ++μμ-  -  :   at l a s  A N A LYS I S  S T R AT E GY:   at l a s  A N A LYS I S  S T R AT E GY

Branching ratio

2011 data used - 4.9fb-1

signal region (± 300 MeV around Bs ) blinded

sideband events – 1/2 background interpolation, 1/2 selection optimization
high statistics reference signal  B±  J/ψ (  μ→ → +μ-) K±  minimizes syst. uncertainty

  Tapei, November, 21 2013                             Jaroslav Günther                                4/15 
ATLAS-CONF-2013-076

BR (Bs  μ→ +μ- ) = NBs  μ+μ-→  x (1/ Nref) x BR(ref) x (fu/fs) x ( εtot x Atot )ref / ( εtot x Atot )Bs  μ+μ-→

ε
to t

 x  A
to t  

= ( N
r e co n s tr u c t ed

/ N
g e n e rat e d

)  

derived from simulation                
(“calibrated” on data)
systematics taken from data-MC               
discrepancies in signal distributions 

       DATA

An d  s e l e c t ed

   PDG, LHC
B    MONTE CARLO  
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S e a r c h  fo r  BS e a r c h  fo r  B
ss
   →μ →μ++μμ-  -  :   at l a s  A N A LYS I S  S T R AT E GY:   at l a s  A N A LYS I S  S T R AT E GY
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ATLAS-CONF-2013-076

BR (Bs  μ→ +μ- ) = NBs  μ+μ- → x (1/ Nref) x BR(ref) x (fu/fs) x ( εtot x Atot )ref / ( εtot x Atot )Bs  μ+μ-→

SIGNAL EXTRACTION

NBs – is a CLs limit derived from:

candidate count in the signal region 
background estimation in the signal region                                                    

Nref  - unbinned maximum likelihood fit (same selection as for the signal)

       DATA    PDG, LHC
B    MONTE CARLO  

 

Background composition

resonant: B  hh' (K/→ π),  fake-muon rates (MC)  π±/ K+ /K-  ~ 2.1/4.1/3.3 ‰   
0.3 B  hh' events expected in the signal region→

continuum: non  resonant bb → μ+μ- X  
smooth in dimuon mass  
sideband interpolation (even-numbered events)



N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

  

  Tapei, November, 21 2013                             Jaroslav Günther                                6/15 

S e a r c h  f o r  BS e a r c h  f o r  B
ss
   →μ →μ++μμ-  -  :   b ac kg r o u nd  d is cr i m in at i O N:   b ac kg r o u nd  d is cr i m in at i O N

μ
μpT(Bs)

SV

PV α2D

ATLAS-CONF-2013-076

Continuum Background  DIscrimination

13 best performing discriminating variables chosen by MVA
 BDT proven as the most powerful event classifier

trained on MC events
plots show Data/ MC agreement of pointing angle α2D and isolation variable I0.7
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S e a r c h  f o r  BS e a r c h  f o r  B
ss
   →μ →μ++μμ-  -  :   s e l e ct io n o p t i m iz at io n  :   s e l e ct io n o p t i m iz at io n  

ATLAS-CONF-2013-076

Optimization

for selection on:
∆m = signal mass window width
q = BDT output (event classifier)
odd-numbered sideband events and signal MC used

optimum = maximum of the Punzi estimator :                                                                               
                                                                                                  P (∆m,q) = εsig / (1+Nbkg) (@95% CL)

εsig  calculated directly on simulated signal events

Nbkg in sig. region estimated by interpolation from sideband data
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S e a r c h  f o r  BS e a r c h  f o r  B
ss
   →μ →μ++μμ-  -  :   r e f e r e nc e  c h a n ne l  y i e l d:   r e f e r e nc e  c h a n ne l  y i e l d

ATLAS-CONF-2013-076

B±  J/  (  → ψ →μ+μ-) K±     yield

Nref yield extracted by unbinned maximum likelihood fit

inclusion of per-event mass resolution δm in the fit
selection kept as close as possible to Bs 

the same Bs-trained BDT used to minimize systematics

main systematics from varying continuum background fit models

NJ/ψK+ = 15214 ± 1.1%(stat) ± 2.4%(syst) 
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S e a r c h  f o r  BS e a r c h  f o r  B
ss
   →μ →μ++μμ-  -  :   AT L A S  r e s u lt  o n 2 0 1 1  data  s a m p l e:   AT L A S  r e s u lt  o n 2 0 1 1  data  s a m p l e

ATLAS-CONF-2013-076

Signal extraction

Single Event Sensitivity                                                                
SES = (2.07 ± 2.1%(stat) ± 12.5%(syst)) x 10- 9 
systematic uncertainty dominated by 

reference channel BR contribution
acceptance x efficiency ratio

Nbkg expected in the signal window = 6.75

Nobs in the signal window = 6

Cl
s
 extraction

 BR(Bs  μ→ +μ- )< 1.6 x 10 -9 @ 95% CL

 BR(Bs  μ→ +μ- )< 1.5 x 10 -9 @ 95% CL

new ATLAS result 
on 2012 data on the way !
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A n g u l a r  a na lys i s  o f  BA n g u l a r  a na lys i s  o f  B
dd
  K→  K→ * * (  K→(  K→ +  +  ππ-- ))   μμ++μμ-  -  :   M O T I VAT IO N  :   M O T I VAT IO N  

MOTIVATION

relatively small SM BR ≈ 1.1*10-6

loop-mediated FCNC,                                                                                                                  
b  s + μ→ +μ-    transition sensitive to NP                                                                                 
via  interference of  the 4- fermion operators 

the hadronic uncertainties cancel out (to some order) for:  
lepton forward-backward asymmetry – AFB

K*0 longitudinal polarization fraction - FL 

differential angular distributions of the 4-body final state are measured             
(as function of  dimuon mass q2) 
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N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

  

A n g u l a r  a na lys i s  o f  BA n g u l a r  a na lys i s  o f  B
dd
  K→  K→ * * (  K→(  K→ +  +  ππ-- ))   μμ++μμ--   :   D E C AY  DE S CR I P T I O N  :   D E C AY  DE S CR I P T I O N  

KINEMATIC OBSERVABLES 

3 angles (θL, θΚ, Φ )                                                                                                                       
and dimuon mass q2  (K*0

on shell)

differential decay rate:

Measured quantities

due to insufficient statistics 2 out of 3 angles integrated out                                    
from the 4 differential decay rate – studied 2D rates:

measured  <AFB> and <FL> with unbinned maximum likelihood fit in q2 bins

  Tapei, November, 21 2013                             Jaroslav Günther                             11/15 
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A ng u l a r  a n a lys i s  o f  BA ng u l a r  a n a lys i s  o f  B
dd
  K→  K→ *  *  (  K→(  K→ +  +  ππ-- ))   μμ++μμ-  -  :   S I G NA L  :   S I G NA L  

B
D
 mass likelihood fit :  

cut-based selection optimized on MC
gaussian for signal                                                                                                                       
(with per-event errors)                                                                                                               
exponential for the background. 

Nsig  =    466 ± 34

Nbkg = 1132 ± 43

No measurement on: 

q2 < 2 GeV2, limited statistics due to trigger acceptance
experimental veto on J/ψ and ψ(2S) regions : 

8.68   < q2 < 10.09 - J/ψ region  
12.86 < q2 < 14.18 - ψ(2S) region
cut | |m(Bd)REC− m(Bd)PDG | −  | m(μ+μ−)REC − m(J/ψ)PDG | | < ∆m with ∆m = 130 MeV is applied

●

  Tapei, November, 21 2013                             Jaroslav Günther                             12/15 
ATLAS-CONF-2013-038

K*0 accepted if m(KK+ + ππ--)   (846, 946) MeV
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A ng u l a r  a n a lys i s  o f  BA ng u l a r  a n a lys i s  o f  B
dd
  K→  K→ *  *  (  K→(  K→ +  +  ππ-- ))   μμ++μμ-  -  ::     AA F BF B  &   &  

  FF LL  M E A S U R E M E NT S M E A S U R E M E NT S

FIT STRATEGY

extended unbinned maximum likelihood fit 
(performed sequentially):

1) mass distribution fitted to separate                
signal and background yields
2) simultaneous mass-angular fit performed 
on the events
(the mass PDF parameters                                                        
and signal fraction kept fixed from the previous fit)

done separately for each of the 6 q² bins

  Tapei, November, 21 2013                             Jaroslav Günther                             13/15 
ATLAS-CONF-2013-038
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A ng u l a r  a n a lys i s  o f  BA ng u l a r  a n a lys i s  o f  B
dd
  K→  K→ *  *  (  K→(  K→ +  +  ππ-- ))   μμ++μμ-  -  ::     AA F BF B  &   &  

  FF LL  F IT  R E S U LT s F IT  R E S U LT s

FIT RESULTS

statistical uncertainty 
dominates                  
ATLAS measurement              
in agreement with SM

  Tapei, November, 21 2013                             Jaroslav Günther                             14/15 

Theory: C. Bobeth, G. Hiller and D. van Dyk, arXiv:1105.2659

ATLAS-CONF-2013-038
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co nc l u s i o n sco nc l u s i o n s

  Tapei, November, 21 2013                             Jaroslav Günther                             15/15 

  At l a s  h a s  h i g h  q u a l i t y  b  p h ys i c s  p r o g r a m
search for the rare decay B

s
 →  μ+μ-                                                                                      

ATLAS-CONF-2013-076

angular analysis of the decay BB
dd
  K→  K→ * * (  K→(  K→ + + ππ--))  μμ++μμ-                            -                              

ATLAS-CONF-2013-038

  N o  s i g n i f i c a n t  d e v i at i o n  f r o m  S M  p r e d i c t i o n s  ( N O  N P  s i g n s )

  U p d at e d  r e s u lt s  w i t h  t h e  f u l l  2 0 1 1  d ata s e t

  >  2 0  f b - 1  o f  t h e  f u l l  2 0 1 2  d ata s e t  i S  B E I N G  A N A LY Z E D  

  I m p r o v e d  a n a lys i s  t e c h n i q u e s  o n  t h e  way  –  s tay  t u n e d  
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b ac ku pb ac ku p
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AT L A S  de t e c t o rAT L A S  de t e c t o r

Inner Detector (|η| < 2.4)

silicon pixel, strip and  
transition radiation tracker

impact parameter resolution
≈ 10 µm

2T solenoidal field

Muon Spectrometer (|η| < 2.7)

trigger chambers (RPC, TGC),                     
tracking chambers (MDT, CSC) 
0.5-2 T toroidal field

  Tapei, November, 21 2013                             Jaroslav Günther                                    17 

TRACKING

σpT/pT ~ 0.05% pT  1.5%                           ⊕
(for pT < 100 GeV is ID dominated)
 σm(J/ψ-Υ) ~ 60-120 MeV                           
 (ID dominated)
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AT L A S  data  TA K I NGAT L A S  data  TA K I NG

2011
> 5 fb-1 recorded
instantaneous luminosity and                                     
 pile-up steadily increasing

2012
 ~ 23fb-1 recorded
 Flatter instantaneous luminosity profile
 Challenging pile-up conditions !

  Tapei, November, 21 2013                             Jaroslav Günther                                    18 
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AT L A SAT L A S   B - E V E NT  s e l e ct io n @  2 0 1 1  dataB - E V E NT  s e l e ct io n @  2 0 1 1  data

ATLAS DI-MUON TRIGGER 

5 fb- 1 ~ 150G B0−pairs,  ~  30M Bs  J/ψ Φ   →

events are selected by di muon  triggers
specific di muon selections with Barrel/Endcap logic introduced in 2012

new dedicated  + -X trigger introduced in 2012
B-physics trigger (mu4mu4) thresholds kept unprescaled during 2011              
despite the increasing instantaneous luminosity

  Tapei, November, 21 2013                             Jaroslav Günther                                    19 
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AT L A SAT L A S   T R A CK I NG  IN  P I L E - U PT R A CK I NG  IN  P I L E - U P

MUON reconstruction 

plots show: 
transverse impact parameter at two                                                                                        
different pile-up conditions                                                                                                                        
(tails sensitive to rate of secondaries and muon fake rate - no increase observed)
muon reconstruction efficiency using J/ψ  decays                                                                
(CB=ID+MS tracks matched, ST = ID track +MS segment matched)

  Tapei, November, 21 2013                             Jaroslav Günther                                    20 

ATLAS-CONF-2011-021ATLAS-COM-PHYS-2011-1312 
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S e a r c h  fo r  BS e a r c h  fo r  B
ss
   →μ →μ++μμ-  -  :   at l a s  A N A LYS I S  S T R AT E GY:   at l a s  A N A LYS I S  S T R AT E GY

Analysis flowchart

ATLAS-CONF-2013-076

BR(Bs  μ→ +μ- ) = NBs  μ+μ-→ (1/ Nref) x BR(ref) x (fu/fs) x ( εtot x Atot )ref / ( εtot x Atot )Bs  μ+μ-→

   2011 data

   sidebands

   odd sideband events    even sideband events

 Interpolation into 
the  signal region

13 separation variables                  
 MVA  ev. Classifier q                    → →
  2D sel. optimization →

Statistical black box 
(Nobs, Nbkg )  N→ signal

 “± ” 
 

   signal region

cuts Nbkg 

  Tapei, November, 21 2013                             Jaroslav Günther                                    21 



N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

  

B ac ku p :  S e a r ch  f o r  BB ac ku p :  S e a r ch  f o r  B
ss
   →μ →μ++μμ-- ,  e v e nt  r e c o n s t r u ct i on,  e v e nt  r e c o n s t r u ct i on       

Signal candidate selection

2, 3 or 4 prong vertex constraint depending on decay topology
primary vertex selection: 

closest in z to the B candidate
re-fit excluding B daughters

tracks:
at least 1 pixel, 6 SCT and 9 TRT hits (good tracks)
|η| < 2.5 and pT > 4 (2.5) GeV for muons (kaons)

tracks from the tracking systems matched to muon spectrometer 
tracks

B candidates pT > 8 GeV  and |η| < 2.5 

events selected based on their decay topology using many 
discriminating variables

  Tapei, November, 21 2013                             Jaroslav Günther                                    22 
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B ac ku p :  S e a r ch  f o r  BB ac ku p :  S e a r ch  f o r  B
ss
   →μ →μ++μμ-- ,  d i s c r i m in at i ng  va r i a b l e s,  d i s c r i m in at i ng  va r i a b l e s       

discriminating variables: 
distinguish B and continuum events
highest discriminating power
exclusion of highly correlated variables
only variables not correlated with invariant mass were taken 
exploit PV-SV separation (Lxy), symmetry of the final state (d0), 
pointing angle, b-hadronisation features (isolation, pT of the B) 

μ
μpT(Bs)

PV α2D

μ
μpT(Bs)

PV

Lxy

μ
μpT(Bs)

PV
d0SMALL

χ
d0LARGE
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B ac ku p :  S e a r ch  f o r  BB ac ku p :  S e a r ch  f o r  B
ss
   →μ →μ++μμ-- ,  d i s c r i m in at i ng  va r i a b l e s,  d i s c r i m in at i ng  va r i a b l e s       

μ
μpT(Bs)

PV α2D

μ
μpT(Bs)

PV

Lxyχ

  Tapei, November, 21 2013                             Jaroslav Günther                                    24 
Physics Letters B 713 (2012)  387-407
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B ac ku p :  S e a r ch  f o r  BB ac ku p :  S e a r ch  f o r  B
ss
   →μ →μ++μμ-- ,  d i s c r i m in at i ng  va r i a b l e s,  d i s c r i m in at i ng  va r i a b l e s       
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B ac ku p :  S e a r ch  f o r  BB ac ku p :  S e a r ch  f o r  B
ss
   →μ →μ++μμ-- ,  I s o l at i o n,  I s o l at i o n       

isolation variable:

tracks with pT > 0.5 GeV excluding B 
daughters in cone ∆R < 0.7,                         
where ∆R = √(∆η2 + ∆Φ2)
only tracks associated with the 
corresponding PV are taken to avoid  
isolation cut efficiency to depend on pile-up  

  Tapei, November, 21 2013                             Jaroslav Günther                                    26 
ATLAS-CONF-2013-076
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B ac ku p :  S e a r ch  f o r  BB ac ku p :  S e a r ch  f o r  B
ss
   →μ →μ++μμ-- ,  a c c ep ta c e  X  e ff i c ie n cy  r at i o,  a c c ep ta c e  X  e ff i c ie n cy  r at i o       

determined on reweighted Bs and B+ MC samples  wrt the fiducial volume

systematic uncertainties: 

dominant contribution from data -MC discrepancies of separation variables
main discrepancies come from : Isolation and Lxy

isolation is B-flavour dependent 
Lxy is correlated with the vertex reconstruction (  with other discriminant →
variables) but it is B-flavour independent

BR(Bs  μ→ +μ- ) = NBs  μ+μ-→ (1/ Nref) x BR(ref) x (fu/fs) x ( εtot x Atot )ref / ( εtot x Atot )Bs  μ+μ-→

ATLAS-CONF-2013-076
  Tapei, November, 21 2013                             Jaroslav Günther                                    27 
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B ac ku p :  S e a r ch  f o r  BB ac ku p :  S e a r ch  f o r  B
ss
   →μ →μ++μμ-- ,  S E S,  S E S       

Single event sensitivity

 
Corresponds to signal branching fraction which would yield one 
observed signal event in the data sample
From the interpolation of  50% of the sideband events (8 even events)   
 we expect: 6.75 background events in the optimized search window

BR(Bs  μ→ +μ- ) = NBs  μ+μ-→ (1/ Nref) x BR(ref) x (fu/fs) x ( εtot x Atot )ref / ( εtot x Atot )Bs  μ+μ-→
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B ac ku p :  S e a r ch  f o r  BB ac ku p :  S e a r ch  f o r  B
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   →μ →μ++μμ-- ,  sys t em at ic s  o n S E S,  sys t em at ic s  o n S E S       

Ses systematic uncertainties 
 

Table shows summary of ΔSES/SES uncertainty (due to syst.                         
uncertainty sources)  SES statistical uncertainty of 2.1%→

contributions from backgrounds:
background interpolation from sidebands   4% on R→ bkg

B   hh' negligible→
Mainly contribute: BRref and fu/fs , acc-vs-eff ratio (data-MC 
discrepancies), K tracking efficiency
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B ac ku p :  S e a r ch  f o r  BB ac ku p :  S e a r ch  f o r  B
ss
   →μ →μ++μμ-- ,  U p p e r  l im i t  e x t r a ct i on,  U p p e r  l im i t  e x t r a ct i on       

Cl
s 

method with Profile likelihood function: 

 

the expected UL is calculated assuming the number of events in the 
signal region as the number of expected events obtained from the 
sideband interpolation (6.75 events):

ε = 1/SES R = ΔSB/ΔSR
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B ac ku p :  S e a r c h f o r  BB ac ku p :  S e a r c h f o r  B
ss
   →μ →μ++μμ-   -   

final selection optimization 

signal efficiency calculated directly
 background from sidebands 
The odd  sideband event optimization gives a maximum of P estimator 
= 0.0145 
The corresponding final selection cuts on the mass window and the 
BDT classifier are: 

BDT classifier > 0.118 and |∆m| < 121 MeV
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B ac ku p :  S e a r c h f o r  BB ac ku p :  S e a r c h f o r  B
ss
   →μ →μ++μμ-   -     

Peaking background

fake rates for π±/ K+ /K- obtained on MC = 2.1/4.1/3.3 ‰ (uncertainty 
on these fake rates is ~20%)
0.3 ev contribution to the signal region

BRB  hh'→  x (fake rate) ≈ 10-9 ≈ SM BRsig                                                                                                      
  ( also accounted for in systematics )→

included in the optimization procedure and in the upper limit 
calculation.
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B ac ku p :  A ng u l a r  a na lys i s  o f  BB ac ku p :  A ng u l a r  a na lys i s  o f  B
dd
  K→  K→ *  *  (  K→(  K→ + + ππ-- ))   μμ++μμ-  -  :  M a s s  f i t  :  M a s s  f i t    

FIT STRATEGY

Extended unbinned maximum likelihood fit 
(performed sequentially):

1) mass (Kππμμμμ) distribution fitted               
to separate  signal and background yields

2) angular fit performed on the signal and 
background  events from the previous fit 
(fixed mass)
Done separately for each of the 6 q² bins

The procedure checked to give the same 
results as single- step fit except the lowest q2 
bin (included in systematics there).
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B ac ku p :  A ng u l a r  a na lys i s  o f  BB ac ku p :  A ng u l a r  a na lys i s  o f  B
dd
  K→  K→ *  *  (  K→(  K→ + + ππ-- ))   μμ++μμ-  -  :  a ng u l a r  f it  :  a ng u l a r  f it    

Angular fit 
(in each q2 bin) :

Signal PDFd:

Background PDF – linear combination of Chebyshev polynomials (to 2nd order)

detector and selection effects on the angular shapes taken into account via the 
acceptance functions
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  K→  K→ *  *  (  K→(  K→ + + ππ-- ))   μμ++μμ-  -  :  sys t e m at i c s:  sys t e m at i c s   

systematic uncertainties

Ranges of the mass fit region
Differ in q2 bins due to ∆M cut effect

Angular background shapes
Varied between 2nd and 3rd 
Chebyshev polynomials

Contribution of B±   μ→ +μ- K± events 
estimated by removing potential B± 

 μ→ +μ- K± candidates
Angular acceptance effects

Mainly from limited MC statistics
Various signal angular shapes 
testedd

Sequential fitting approach Sequential fitting approach 
Non-negligible effect only in 2.00 < 
q2 < 4.30 GeV2 bin due to low 
statistics

Negligible sources: 
Contribution from S-wave (BB

dd
  K→  K→ ++ππ- - μμ++μμ--)

Contribution from BB
ss
  →  → Ф(Ф(  K→ K→ ++  KK- - ))  μμ++μμ--

Background mass shape Background mass shape 
Possible bias due to angular fit approach Possible bias due to angular fit approach 
(neglecting correlation)(neglecting correlation)
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