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Introduction  
! The b quark is the heaviest quark that produces bound states, like the  
     ϒ resonances (bb), B mesons (bq) and B baryons (bqq’, bbq, bbb),  q,q’=u,d,s,c 
     è we focus here on B meson physics 

! b quarks are produced in pairs  
! at e+e- colliders è ϒ (4S): CUSB, CLEO, BABAR, Belle, Belle II 
                             è 90 GeV (LEP, SLC): ALEPH, DELPHI, L3, OPAL, SLD 
! at hadron colliders è Tevatron: CDF, D0 
                                  è LHCb: LHCb, ATLAS, CMS 

! At ϒ (4S), b quark  hadronizes into B+ and B0
d only with no additional pions 

!  cross section is 1 nb è need high luminosity get hundreds of 106 B mesons 
!  excellent laboratory to study B mesons è well-defined initial conditions 

!  At LEP, Tevatron and LHC, b quark  hadronizes into B+, B0
d  B0

s, and b baryons 
      in fractions of (0.402±0.007):(0.402±0.007):(0.105±0.006):(0.092±0.015) 

!  cross section increases with √s è at 14 TeV σ≅0.5 b 
!  initial conditions are not well defined, use pT (conserved) 
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General Remarks 
!  The reason why isospin is a good symmetry in QCD is that  
      md-mu«ΛQCD≅200 MeV ≅1/r, where r=1 fm 

!  For heavy quarks it was noticed that there is another  
     symmetry of QCD, mQ» ΛQCD (exact symmetry for mQ→∞) 

!  This symmetry arises because once a quark becomes sufficiently heavy, its 
      mass becomes irrelevant to the non perturbative dynamics of the light  
     degrees-of-freedom (DOF) of QCD è framework to calculate b→c transitions;  
      also the spin of the heavy quark decouples from that of the light DOF 
 
!  In the heavy quark limit, an effective theory (HQET) exists that allows exact 
      calculations of the 6 form factors in B→PW and B→VW in terms of a  
      universal function è since mb is finite, corrections need to be included 

! The heavy quark symmetry also justifies the calculation of hadronic decay 
     properties in inclusive decays in terms of the quark decay properties plus an  
     expansion in powers of 1/mb (heavy quark expansion)  
 è for many quantities the 1/mb term vanishes 

c s

l,u

q q

ν,dW

P,V 

P: pseudoscalar meson 
V: vector meson 

b c 
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General Remarks II 
!  As an example, lets look at B inclusive semileptonic decay rate 

!  The decay is at short distance è calculable 

!  Hadronization occurs at long distance  
     è is non perturbative 
 
!  At leading order, short distance and 
     long distance are cleanly separated and the 
     probability to hadronize is 100% 

! Thus, the semileptonic decay rate can be approximated by  

 
! In this way, decay rate is calculated at ~1%  accuracy 

! Most of the time details of b-quark wave function 
    are not relevant, only averages matter (k2) 
 

kµ ~ ΛQCD  
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General Remarks III 
! Lets illustrate the effect of the Fermi motion in the decay B→Xγ �

! The b-quark is confined inside the B meson è the Fermi motion affects the 
      shape of the photon energy spectrum (mb) 

 
!  Since the b-quark motion is universal arising from hadronic b-quark   
     interactions inside the B meson, we expect it to determine the dynamics of  
     decays like B→Xγ and B→Xlν in the same way 
!  So for many effects, we need to deal with the motion of the b quark inside  
      the B hadron  

s 

γ	



b 

γ	
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General Remarks IV 
! Why is B physics so interesting? 

!  B decays have relatively simple decay topologies and a secondary vertex 
     èso powerful criteria can be defined to discriminate signal from backgrounds  
  è particularly at the ϒ(4S) with well-defined initial conditions 
  è dedicated experiments can fully exploit the physics 

! For most observables predictions in the Standard Model (SM) are rather 
      precise è deviations would indicate new physics contributions 

! With high statistics samples, measurements are rather precise to test the  
    SM and check for new physics contributions 
 
!  There are many decays and observables that can be measured è we get a  
      complete picture which is important for deciding if an effect is real or is a 
      fluctuation 



Outline 
 
! Study of B+

c Meson  
! Rare Decays 

! B→Xγ �
! B→Kl+l-­, B→K*l+l-­, Bs→φµ+µ-, and B→Xsl+l- 
! B→τν	


! B→µ+µ-	


	



!  B→D(*)τν	


	



!  B0B0 mixing 
!  CP violation  

! Direct CP violation 
! Measurement of β	


! Measurement of βs 
! Measurement of α	


! Measurement of γ	


!  Unitarity Triangle 

! Summary and outlook 
7 
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Study of the Bc Meson 
! The Bc (discovered by CDF in 1998) is only the B meson  
     that consists of 2 decaying quarks  thus shortening its  
     lifetime wrt to that of other B mesons 

!  LHCb observes 414±14 J/ψπ+ events, and 145±14 J/ψπ+π+π- events (0.8 fb-1) 
      yielding a branching fraction ratio: 
 
!  LHCb observed for the first time the decay to Bsπ+ (3 fb-1) 
     measuring the ratio of Bc to Bs cross sections in the Bsπ+ 
     mode: 
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B B
c
+ → J / ψπ+( )

B B
c
+ → J / ψπ+π+π−( )

= 2.41 ± 0.30 ± 0.33

   

σ(B
c
+) × B(B

c
+ → B

s
0π+)

σ(B
s
0)

= (2.37 ± 0.31
stat

± 0.11
sys

 
−0.13τ

Bc
+

+0.17 ) × 10−3

5.5σ	

7.5σ	





Study of the Bc Meson 
!  LHCb has also measured the Bc lifetime 
     using a sample 2 fb-1  of J/ψXµν events 

!  Backgrounds:  
! J/ψ+ hadron misidentified as µ	


! false J/ψ + correct µ	


! J/ψ+ µ from primary vertex (prompt) 
! J/ψ+ µ from different vertices (combinatorial) 	


!  J/ψ+ µ from same vertex (B→3µ)	



       
! The lifetime is extracted from a 2D 
     unbinned maximum likelihood fit to 
     the lifetime and the J/ψµ mass  

!  Signal t distribution is exponential,  
      J/ψµ mass is modeled from simulation 

!  Observe 8995±103 signal events 

! Measure B+
c lifetime:                                     è compared to 10   

τ
Bc
+
= 0.5087 ± 0.0077 ps τ

Bs
0 = 1.516 ± 0.011 ps
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Rare Decays  
!  B→Xγ & B→Xl+l- are flavor-changing neutral current (FCNC) processes,  
     forbidden in SM at tree level 
 
 
 
 
 
 
 
!  Effective Hamiltonian factorizes short-distance from long-distance 
      effects  [O(αS)] 
 
 
                       è 4 effective Wilson coefficient: C7

eff, C8
eff, C9

eff, C10
eff 

 
! New physics adds new loops with new particles è modifies SM values of 

Wilson coefficients and may introduce new terms, e.g. CS and CP   
! Probe here new physics at a  
     scale of a few TeV  

C7
eff (EM penguin)  

C9
eff & C10

eff (V & A parts of weak penguin and box)  

H
eff

=
4GF

2
V

tb
* V

ts,d
C

i
(µ)O

ii∑ (2) 
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B→Xsγ Study  
! The B→Xsγ transition is dominated by the magnetic dipole 
     operator O7γ with C7

eff(SM)≈-0.33  
  è may be enhanced by new physics contributions 

!  In addition, O1 and O8G contribute via mixing 

!  It is customary to use the spectator in which B→Xsγ is  
     approximated by the quark decay b→sγ that is then related  
     to the inclusive semileptonic decay  

 
! Here short-distance QCD effects are included  

!  Normalization to the semileptonic rate removes (mb)5 
     factor & reduces uncertainties in CKM parameters 
 
!  In NNLLO, the SM prediction yields 

O7γ  

O8g  

O1  

   
B(B → X

s
γ) ≡

Γ(B → X
s
γ)

Γ(B → X
c
eν

e
)
B(B → X

c
eν

)  Γ(b → sγ)

Γ(b → ceν
e
)
B(B → X

c
eν

)

  
B(B → X

s
γ) = 3.15 ± 0.23( ) × 10−4 Eγ > 1.6 GeV 

(3) 
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B→Xsγ Results 
!  Experimental challenge is to remove γs from π0  
      and η decays 
 
! Thus, use 2 approaches  

! fully inclusive method with B tag on opposite  
   side and stringent π0 and η vetoes 
!  sum of exclusive final states, 1 K± (K0

S) plus 4π (≤1 π0 ) è38 final states 

!  Measured branching fraction (WA)   

      agrees well with the SM  prediction 
 
! We will see constraints in mH-tan β plane  

  
B(B → X

s
γ) = 3.43 ± 0.21 ± 0.07( ) × 10−4

stat+sys shape 
function 

b→dγ 

New Belle (710 fb-1)	


Semi-inclusive	



1 

Eγ spectrum 
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B→Kl+l-­ and B→K*l+l-­ Expectations 
! In addition to the magnetic dipole operator O7γ,  
     the weak penguin and box diagrams contribute, where  
     the linear combination of vector currents form O9 and  
     that of the axial-vector currents form O10  
!  So we encounter 2 new Wilson coefficients C9

eff(q2)  
     and  C10

eff 

        C9
eff(q2)-Y(q2)=4.211,    C10

eff=-4.103,  
     Y(q2) increases faster than exponential for q2< 5.76 
     for q2>5.76 decreases ~ exponentially 

!  The decay rate is again normalized to the  
      semileptonic rate 

!  Predictions for 1<q2<6 GeV2 and for q2> 14.2 GeV2 have 
      smallest uncertainties 

!  SM prediction (for 1<q2<6 GeV2) 

Z

l�

l�

ν	



   
B(B0 → K

S
0ℓ+ℓ−) = 1.59

−0.35
+0.59( ) × 10−7

   
B(B → K*ℓ+ℓ−) = 2.60

−1.34
+1.82( ) × 10−7

B(B+ → K+ ℓ+ℓ−) = 1.75
−0.38
+0.64( ) × 10−7
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B→Kl+l-­ and B→K*l+l-­ Branching Fractions 
!  BABAR, Belle, CDF, LHCb and CMS measured 
     differential branching fractions of B→Kl+l-  
     & B→K*l+l- decays 

! Branching fractions for 1<s<6 GeV2 

B→K*l+l- 

0 0.5 1 1.5 2 2.5
Branching Fraction

-l+Kl

-l+l*K
-1LHCb, 1 fb

BBABAR, 471 M B-1CDF, 9.6 fb
BBelle, 657 M B

Ali ’02
PRD 66, 034002 (2002)
Zhong ’02
IJMPA 18, 1959 (2003) -6 10×

B→Kl+l- 

SM 

SM 

B(B→Kℓ+ℓ−) = (1.25 ± 0.08) × 10−7

B(B→K*ℓ+ℓ−) = (1.77 ± 0.18) × 10−7

WA is dominated by LHCb 
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B→Kl+l-­ and B→K*l+l-­ Angular Analysis 
!  From angular distributions we can measure the 
     forward-backward asymmetry AFB (l+ is in same  
     -opposite hemisphere of the B meson) and the 
      K* longitudinal polarization FL  
!   3 angles determine the decay rate: 

! θl: angle between l+ & B momenta  
        in the l+l-­ CM frame 
!  θK: angle between K & B momenta 
       in K* rest frame   
!  φ: angle between 2 decay planes  

!  We extract parameters from the 
      1-dimensional angular distributions  

!   Note that the forward-backward asymmetry vanishes for B→Kl+l- 

  W(cosθ
K
) = 3

2
F

L
cos2 θ

K
+ 3

4
(1 − F

L
) sin2 θ

K

   

W(cosθ

) = 3

4
F

L
sin2 θ


+ 3

8
(1 − F

L
)(1 + cos2 θ


)

              + A
FB

cosθ


(4) 

(5) 
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B→K*l+l-­ Forward-backward Asymmetry 
!   In O(1) the lepton forward-backward asymmetry is 

! AFB has a zero crossing that provides 
     a powerful signature for searching 
     for new physics effects 

! In O(αs) the scale dependence is small  

  

dA
FB
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3

4
1

51

s0=3.5±0.12 
 (µ+µ-) 

Huber, Hurth & Lunghi hep-ph/0712.3009 

V(q2), A1(q2), T1(q2), T2(q2) are form  
factors that increase with q2 in a 
monopole or dipole form and are positive 

(6) 
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B→K*l+l-­ Results for AFB and FL 
!  BABAR, Belle, CDF, LHCb, CMS & ATLAS measured AFB & FL in 6 bins of q2  

!  In the low q2 region, the AFB and FL averages over all measurements yield 

                                             and 

!  This is in good agreement with the SM prediction 

!                                          and  

SM 

C7=-C7
SM 

C7=-C7
SM 

SM 

   AFB
WA(K*) = −0.074

−0.048
+0.047  

   
A

FB
SM = −0.0494

−0.0252
+0.0281  K*0+−( )

  FL
= 0.523

−0.044
+0.047

   
F

L
SM = 0.735

−0.07
+0.06  K*0+−( )

WA is dominated by LHCb 
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B→K*l+l-­ Angular Observables  
!  The full angular distribution for B→K*l+l-­ is given by  

 

!  Define  new observables in 6 bins of q2 

!  At low q2, observables are free from 
     form factor uncertainties 
 
! LHCb explored individual Si/P’i distributions 
 è P’5 shows a deviation from the SM in bin 3 

  

1
dΓ dq2

d4Γ

d cos θ
ℓ
d cos θ

K
dφdq2

=
9

32π
3
4

%

&
' 1 − F

L( ) sin2 θ
K
+ F

L
cos2 θ

K
+

1
4

1 − F
L( ) sin2 θ

K
sin 2θ

ℓ

                                 − F
L
cos2 θ

K
cos2θ

ℓ
+ S

3
sin2 θ

K
sin2 θ

ℓ
cos2φ

                                 + S
4
sin2θ

K
sin 2θ

ℓ
cos φ + S

5
sin2θ

K
sin θ

ℓ
cos φ

                                 + S
6
sin2 θ

K
cos θ

ℓ
+ S

7
sin2θ

K
sin θ

ℓ
sin φ
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8
sin2θ

K
sin 2θ

ℓ
sin φ + S
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sin2 θ
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ℓ
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P
4,5,6,8
' =
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L
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(7) 



21 

Measurement of B→K*l+l-­ Angular Observables  
!   Other distributions  
      agree with the SM 

!  LHCb estimates new 
     physics scale in b→s l+l  
     at ΛNP> 15 TeV 
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B→Kl+l-­ and B→K*l+l-­ Lepton Flavor Ratio 
!  Since B→K(*)e+e- and B→K(*)µ+µ- may 
      receive different contributions from 
      new physics, it is interesting to look 
      at the lepton flavor ratios 
 
 

! LHCb has measured RK below the J/ψ  
     resonance 
 
! BABAR measured  both RK and RK* below 
     and above the J/ψ resonance 

!  BABAR RK(*) results are consistent and  
      agree with the SM prediction 
 
!  The LHCb RK result is consistent with the 
     SM within 2σ	



  
R

K(*) ≡
B(B→K(*)µ+µ−)
B(B→K(*)e+e−)

q2 ≥ (2*mµ)2 



Bs→φµ+µ- Study	


!  Replacing the spectator d quark with and s quark yields Bs→φµ+µ- 
 
!  LHCb has observed Bs→φµ+µ- measuring differential branching fractions and 
     angular observables in 6 bins of q2 

! All results agree with the SM prediction  

!  The total branching fraction is  

23 

  
B B

s
→ φµ+µ−( ) = 7.07

−0.56
+0.64 ± 0.17 ± 0.71( ) × 10−7
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B→Xs l+l-­  
! Reconstruct 20 exclusive final states with K (K0

S→π+π-), ≤2π± & 
     ≤1π0(→γγ) for branching fraction and 14 self-tagging modes (red) 
     for CP asymmetry measurements  

!  The 20 exclusive modes represents  
      70% of the inclusive rate with  
      mXs < 1.8 GeV accounting for K0

L  

         modes, K0
S→π0π0 and π0 Dalitz decays 

 
!  Extrapolate for the missing modes  
     and those with mXs > 1.8 GeV using JETSET fragmentation 
     and theory predictions 

! Kinematic constraints  
! mES>5.225 GeV   
! -0.1 <ΔE<0.05 for Xs ee  
! -0.05<ΔE<0.05 for Xs µµ 

!  Use no tag for B 

FPCP, Marseille, May 2014 John Walsh, INFN Pisa

B→Xsl+l-: Sum-of-exclusive states

• Only method currently used 
for b→sll!

• Exploit B decay kinematics to 
suppress backgrounds!

• Multivariate classifiers used to 
further reduce backgrounds!

• MC to estimate the missing 
modes

17

BB

No !
 tag

Signal !
decay

X

Kπ!
Kππ!

Kπππ!
etc.

l+
l-

B 0 →K
S
0µ+µ−

B + →K +µ+µ−

B 0 →K
S
0e+e−

B + →K +e+e−

B 0 →K*0(K
S
0π 0 )µ+µ−

B + →K*+(K +π 0 )µ+µ−

B + →K*+(K
S
0π + )µ+µ−

B 0 →K*0(K +π − )µ+µ−

B 0 →K*0(K
S
0π 0 )e+e−

B + →K*+(K +π 0 )e+e−

B + →K*+ K
S
0π +( )e+e−

B 0 →K*0(K +π − )e+e−

B 0 →K
S
0π +π 0µ+µ−

B + →K +π −π 0µ+µ−

B + →K
S
0π +π −µ+µ−

B 0 →K +π +π −µ+µ−

B 0 →K
S
0π +π 0e+e−

B + →K +π +π 0e+e−

B + →K
S
0π +π −e+e−

B 0 →K +π +π −e+e−



25 

B→Xs l+l-­  

   B( B →X
s
µ+µ−) = ( 0.66

−0.76−0.24
+0.82+0.30 ± 0.07) ×10−6

   B( B →X
s
e+e−) = ( 1.93

−0.45−0.16
+0.47+0.21 ± 0.18) ×10−6

    B( B →X
s
ℓ+ℓ−) = ( 1.60

−0.39−0.13
+0.41+0.17 ± 0.18) ×10−6

   B( B →X
s
µ+µ−) = ( 1.59± 0.11) ×10−6

   B( B →X
s
e+e−) = ( 1.64± 0.11) ×10−6

   B( B →X
s
µ+µ−) = ( 0.60

−0.29−0.04
+0.31+0.05 ± 0.00) ×10−6

   B( B →X
s
e+e−) = ( 0.56

−0.18−0.03
+0.19+0.03 ± 0.00) ×10−6

    B( B →X
s
ℓ+ℓ−) = ( 0.57

−0.15−0.02
+0.16+0.03 ± 0.00) ×10−6

   B( B →X
s
µ+µ−) = ( 0.25

−0.06
+0.07 ) ×10−6

Phys.Rev.Lett. 112, 211802 (2014) 

!  For 1 < q2 < 6 GeV2 BABAR measures 

! Agrees well with the SM prediction 

 
! For q2>14.2 GeV2 BABAR measures 

! Consistent with SM prediction at ~1σ	
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Leptonic Decays  
!  Pure leptonic decays are mediated by 
     W annihilation 
 
!  The relevant ME here is   

!  The vector current vanishes while the axial vector currents yields  

  
! With this relation of the hadronic ME to the decay constant we can express 
     the branching fraction by  

 
 
! In the SM, the branching fractions  
     are predicted to be  

b

u νe,νµ,ντ

e,µ,τW
B+

   
B(B+ → +ν


) =

G
F
2

8π
V

ub

2
f
B
2τ

B
m

B
m


2 1 −
m


2

m
B
2

&

'

(
(

)

*

+
+

2

helicity suppression phase space l+� ν�
L=0, since B is pseudoscalar 

 
0 J

µ

V−A B

 
0 uγ

µ
γ

5
b B = if

B
p
µ

B (9) 

(10) 

(8) 

fB: B decay constant 
pB: B momentum  

B
SM

= 1.0 × 10−11  for =e
B

SM
= 3.5 × 10−7    for =µ

B
SM

= 1.1 × 10−4    for =τ
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Measurement of B+→τ+ν 
!  New Physics may enhance the branching fraction by a factor of  

! BABAR and Belle have observed B+→τ+ν and measured its branching fraction 

!  With reconstructing the other B meson fully in an exclusive final state, no 
      additional particles should appear in the decay besides the τ decay products 
 
!  So BABAR and Belle examine the extra energy measured in the calorimeter 

!  BABAR observes 89±44 signal events  

!  Belle sees 62+23
-22 events 

!  The branching fractions measurements yield 

 
r
H
= 1 −

m
B
2

m
H
2

tan2 β

1 + 0.01 × tan β

$

%
&
&

'

(
)
)

2 mH: charged Higgs mass 
tan β: ratio of vacuum expectation values  
          for the 2 higgs doublets	



B(B → τν) = (0.72
−0.25−0.11
+0.27+0.11) × 10−4

  B(B → τν) = (1.76 ± 0.49) × 10−4

(11) 



Implications of B+→τ+ν Measurements 
!  B+→τ+ν is a useful probe to search for new physics contributions 

! Extra contributions may arise from a charged Higgs boson increasing 
     B(B+→τ+ν)SM by rH 

 
! Using the present WA of 
    B(B+→τ+ν)=(1.15±0.23)×10-4, we can 

    set a limit on the H± mass vs tanβ 

! B(B+→τ+ν) plus other measurements 
    impose stringent constraints on the H± -tanβ plane  
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Study of B→µ+µ- Decays 
! The B0

d and B0
s mesons can also decay to µ+µ-, 

     which proceeds via a weak penguin or box diagram 

! In the Standard Model, the branching fractions 
     are predicted to be  
 
 
 
 
! LHCb found the first evidence for B0

s →µ+µ- 

     at the 4.0σ level yielding 
 
 
 
! CMS has confirmed  the LHCb result at 4.3σ	



!  The measured branching fractions agree 
       well with the SM prediction 
 

b

d,s

W

W

l+

l-
B0

(s) t ν B(Bs
0 → µ+µ−) = (3.25 ± 0.17) × 10−9

B(B
d
0 → µ+µ−) = (0.107 ± 0.010) × 10−9
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Figure 2: Invariant mass distribution of the selected B0
(s) !

µ+µ� candidates (black dots) with BDT > 0.7. The result
of the fit is overlaid (blue solid line) and the di↵erent
components detailed: B0

s

! µ+µ� (red long dashed line),
B0 ! µ+µ� (green medium dashed line), combinatorial
background (blue medium dashed line), B0

(s) ! h+h0�

(magenta dotted line), B0(+) ! ⇡0(+)µ+µ� (light blue dot-
dashed line), B0 ! ⇡�µ+⌫

µ

and B0
s

! K�µ+⌫
µ

(black
dot-dashed line).

with a significance of 4.0 standard deviations (�), while
the significance of the B0 ! µ+µ� signal is 2.0�.
These significances are determined from the change
in likelihood from fits with and without the signal
component. The median significance expected for a
SM B0

s ! µ+µ� signal is 5.0�.
The simultaneous unbinned maximum-likelihood fit

results in

B(B0

s ! µ+µ�)= (2.9+1.1
�1.0(stat)

+0.3
�0.1(syst))⇥ 10�9 ,

B(B0 ! µ+µ�)= (3.7+2.4
�2.1(stat)

+0.6
�0.4(syst))⇥ 10�10 .

The statistical uncertainty is derived by repeating
the fit after fixing all the fit parameters, except the
B0

s ! µ+µ� and B0 ! µ+µ� branching fractions
and the slope and normalisation of the combinatorial
background, to their expected values. The systematic
uncertainty is obtained by subtracting in quadrature
the statistical uncertainty from the total uncertainty
obtained from the likelihood with all nuisance param-
eters allowed to vary according to their uncertainties.
Additional systematic uncertainties reflect the impact
on the result of changes in the parametrisation of the
background by including the ⇤0

b ! pµ�⌫̄µ component
and by varying the mass shapes of backgrounds from
b-hadron decays, and are added in quadrature. The

correlation between the branching fractions parame-
ters of both decay modes is +3.3%. The values of the
B0

(s) ! µ+µ� branching fractions obtained from the fit
are in agreement with the SM expectations. The invari-
ant mass distribution of the B0

(s) ! µ+µ� candidates
with BDT > 0.7 is shown in Fig. 2.

As no significant excess of B0 ! µ+µ� events
is found, a modified frequentist approach, the CL

s

method [38] is used, to set an upper limit on the
branching fraction. The method provides CL

s+b

, a
measure of the compatibility of the observed distribu-
tion with the signal plus background hypothesis, CL

b

,
a measure of the compatibility with the background-
only hypothesis, and CL

s

= CL
s+b

/CL
b

. A search
region is defined around the B0 invariant mass as
mB0 ± 60MeV/c2. For each BDT bin the invariant
mass signal region is divided into nine bins with bound-
aries mB0 ± 18, 30, 36, 48, 60MeV/c2, leading to a total
of 72 search bins.
An exponential function is fitted, in each BDT bin,

to the invariant mass sidebands. Even though they
do not contribute to the signal search window, the
b-hadron backgrounds are added as components in the
fit to account for their e↵ect on the combinatorial back-
ground estimate. The uncertainty on the expected
number of combinatorial background events per bin
is determined by applying a Poissonian fluctuation to
the number of events observed in the sidebands and by
varying the exponential slopes according to their uncer-
tainties. In each bin, the expectations for B0

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

(s) ! h+h0� background are accounted for. For each
branching fraction hypothesis, the expected number
of signal events is estimated from the normalisation
factor. Signal events are distributed in bins according
to the invariant mass and BDT calibrations.
In each bin, the expected numbers of signal and

background events are computed and compared to
the number of observed candidates using CL

s

. The
expected and observed upper limits for the B0 ! µ+µ�

Table 2: Expected limits for the background only (bkg)
and background plus SM signal (bkg+SM) hypotheses, and
observed limits on the B0 ! µ+µ� branching fraction.

90% CL 95% CL

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

Observed 6.3⇥ 10�10 7.4⇥ 10�10

4

  
B(B

s
0 → µ+µ−) = 2.9

−1.0
+1.1(stat)

−0.1
+0.3(sys)( ) × 10−9

B(B
s
0 → µ+µ−) = 3.0

−0.8
+0.9 (stat)

−0.4
+0.6 (sys)( ) × 10−9

B(B
s
0 → µ+µ−) = 2.9 ± 0.7( ) × 10−9WA 



Implications of B→µ+µ- Measurements 
!  For B0

d, LHCb has derived the lowest 
     branching fraction upper limit  
 
 

! The LHCb B(B0
s →µ+µ-) and B(B0

d →µ+µ-) 
     measurements are shown in comparison to  
     predictions of 

! The Standard Model 
!  Minimum Flavor Violation Model 
! 4 SUSY models 
è Only left-handed currents (LL) 
è Agashe and Carone (AC)  
è  Ross, Velasco-Sevilla, Vives (RVV2) 
è  Antusch, King, Malinsky (AKM) 

! The B(B0
s →µ+µ-) measurements  

     place strong constraints on the  
     parameter space of New Physics 
     Models  

  B(B
d
0 → µ+µ−) < 7.4 × 10−10   @ 95% CL

30 
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CP Violation 
!  Particle physics use many internal symmetries, e.g. C, P, T 

!  P: parity transforms: 
             left-handed state               çè  right-handed state   

! C: C-parity transforms 
            particle                                çè  antiparticle 

! T: time reversal transforms: 
           forward moving time             çè  backward moving time 

! CP: transforms: 
          left-handed particle particle çè  right-handed antiparticle 

! CP is conserved in strong and electromagnetic  
     interactions 

! CP is violated in weak processes 

  
! x ! → ! −

! x 
left 

right 
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CP Violation in the B System 
!  States produced in strong and electromagnetic interactions are the flavor 
      eigenstates, e.g. |B0> & |B0> 

!  However, they decay weakly as |B0
H> and |B0

L> that can be expressed as 
     linear combinations of the flavor eigenstates: 
 
     
                                                            with              
 
! Since individual decay channels have small branching fractions O(10-3) that  
   contribute with alternating signs, both states have the same lifetime: ΓH=ΓL=Γ 

! |B0
H> is the heavier state, |B0

L> is the lighter state 
 
! Their mass difference ΔM=MH-ML represents the B0

d-B0
d oscillation frequency 

 
! The ratio q/p represents a phase factor for the mixing; in the SM |q/p|=1 
     
! The 2-particle system is described by a Schrödinger equation with mass  
     matrix M and decay matrix Γ	



B
L
0 = p B

d
0 + q B

d
0

B
H
0 = p B

d
0 − q B

d
0   

q
2
+ p

2
= 1 (22) 
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B Decay Rate and λ	


!  We want to look at decays of |B0> & |B0> into CP eigenstates fCP as a function 
      of time 

!  Thus, we define the amplitudes                                and                          

!  The figure of merit for CP violation is  
      where η denotes the CP eigenvalue of  
      the CP eigenstate 

!  The time-dependent decay rates are 

! We define the time-dependent CP asymmetry 

A(t ) ≡ f
CP

H B 0 (t ) A(t ) ≡ f
CP

H B 0 (t )

 
λ = η

q
p

A
A (24) 

  

Γ
B

phys
0 (t )

B
phys
0 (t )

→ f
CP

#

$

%
%

&

'

(
(
= A

2
exp −Γt{ } ×

1 + λ
2

2
+
−

1 − λ
2

2
cos(ΔMt) −

+
ℑmλ sin(ΔMt)

.

/

0
0

1

2

3
3

(25) 

   

A
fCP

(t ) ≡
Γ B

phys
0 (t ) → f

CP( ) − Γ B
phys
0 (t ) → f

CP( )
Γ B

phys
0 (t ) → f

CP( ) + Γ B
phys
0 (t ) → f

CP( )
(26) 

(23) 
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Time-dependent CP Asymmetry 
!  For the B0 B0 system, we obtain 
 
 
 

!  The first term represents direct CP violation; the second term results from 
      the interference of decays with and without B0 B0 mixing  

!  If in addition, |A/A|=1 è|λ|=1 and the CP asymmetry reduces to 

!  Note that λ is directly related to CKM matrix elements 

!  At the ϒ(4S), a B0B0 pair is produced that is entangled until one B decays 
  è however, the equations (27) and (28) still hold if t is replaced with tfCP-ttag 
   where tfCP is the decay time of one B meson into the CP eigenstate and  
   ttag is the decay time of the other B into a state that identifies the B flavor 

!  Since B mesons produced at the ϒ(4S) are nearly at rest (pB≈340 MeV), 
     the ϒ(4S) system needs to be boosted è at PEP II boost is βγ=0.56 

(27) 

(28) 
   
A

fCP
(t) = +ℑmλ sin ΔMt( )

   

A
fCP

(t ) =
− 1 − λ

2#

$
%

&

'
( cos ΔMt( ) + 2ℑmλ sin ΔMt( )

1 + λ
2#

$
%

&

'
(



!  We observe a huge decay asymmetry between B0→K+π- & B0→K-π+  

! The world average is 

! LHCb also 
    observes 
    large CP in 
    B0

s
 →K+π-	



   Decays 

! This effect is not seen in charged B decays 
 36 

Direct CP Violation in B0→K+π- 

386×106 BB events 
467×106 BB events 

B0→K+π- 
B0→K-π+ 

   ACP (B+ → K +π 0) = 0.040 ± 0.021

   ACP (B+ → K 0π + ) = −0.015 ± 0.019

   ACP (B0 → K +π − ) = −0.82 ± 0.006

   ACP (Bs
0 → K +π − ) = 0.27 ± 0.04 ± 0.01
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CP Violation caused by Interference of Decays with and 
without B0B0 Mixing 

!            Decay rate                     ≠       CP-conjugated decay rate 

     èCP Violation is caused by  
         the interference between  
         mixing & decay 
      
! Typically, we need to measure the time 
     dependence of the CP asymmetry as the  
     time-integrated asymmetry vanishes  

 
      

Process CP conjugated process	



 ~ eiβ

0B

0B

CP	



m
ixing 

CPfA

CPfA
 ~ e− iβ

0B

0B
m

ixing 

CPfA

CPfA ~ eiδ
 ~ eiδ

 ~ eiδ

 ~ eiδ

 t = 0  t = 0

  
f
CP

 t  t
  
f
CP



!  Lets look at the time dependence of the B0 and B0 decay rates and the CP 
     asymmetry 
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Illustration of time-dependent CP Violation 

Mixing-induced CP Direct CPV 

   
A

fCP
(Δt)         ≡

Γ
B0 (Δt) − Γ

B0 (Δt)

Γ
B0 (Δt) + Γ

B0 (Δt)

   
A

fCP
(Δt) = S ⋅ sin Δm ⋅ Δt − C ⋅ cos Δm ⋅ Δt

-C 



CP 
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Unitarity Conditions of the CKM Matrix  
!  In the Standard Model, the CKM matrix produces CP violation  

!  The unitarity conditions of the CKM matrix yields 6 triangular relations 

!  Physics-wise most interesting is the relation 

!  The graphical representation of this relation  
      yields the so-called Unitarity Triangle  

!  All 6 triangles have the same area 
      A∝ J = ℑm( VijVklV*ilV*kj) ≠ 0  
        for any i≠k and j≠l 
       (Jarlskog determinant ) 
      J=(3.01±0.19)×10-5 

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

! 

" 

# 
# 
# 

$ 

% 

& 
& 
& 

⇓*	


	



⇓	



⇑	

 ⇑	



VudVub+VcdVcb+VtdVtb = 0 * * * 

⇑        ⇑          ⇑ 
1     -sinθc        1 

(29) 
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The Unitarity Triangle 
! B factories measure 4 CKM elements & 3 phases  
    ! overconstrains unitarity triangle  
    ! test of Standard Model 
 
  

VtdV*tb 

Vcd V*cb 

β 

  Δmd, Δms 

ρ 

Vud V*ub 

  Vcd V*cb 
α 

γ 

B(B→Xulν) 
B(B→π,ρlν) 

B(B→Xclν) 
B(B→D*lν) 

η 

1 

   ACP
(B → ρ+ρ−,ρ±π ,π +π − )

  

A
CP
(B → J / ψK

S
0 )

A
CP
(B → φK

S
0 )

  B(B± → [D0,D0]K± )

α ≡ Arg −
V

td
V

tb
*

V
ud
V

ub
*

#

$

%
%

&

'

(
(

β ≡ Arg −
V

cd
V

cb
*

V
td
V

tb
*

#

$

%
%

&

'

(
(

γ ≡ Arg −
V

ud
V

ub
*

V
cd
V

cb
*

#

$

%
%

&

'

(
(
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Measurement of sin2β in (cc)K0 Modes 
!  We need to measure 3 quantities to determine  
      the CP asymmetry in B0→J/ψK0  
  

!  Im λ=-sin2β	


        

0
tagB

+e−e

( )S4Υ
0
recB

 2. B-Flavor Tagging 

1.Exclusive 
  B Meson 
 Reconstruction 

µ+

π −

π +

µ −

3. Measure Δt 
   Δt ≈Δz/<βγ> c 

βγ=0.56 

  J / ψ

  KS
0

 Δz  K −

 −

0B
J/ψ 

K0
S V*cs 

Vcb 

σΔz=180 µm 

Tagging quality 
Q=31.2±0.3%,  
ε=(74.37±0.1)% 
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sin2β Measurements	


!  15481 tagged events (465 M BB) 

sin 2β=0.687±0.028±0.012 
     C=0.024±0.020±0.016 

ccK0
S 

ccK0
L 

 B0

 B0

 B0

 B0

! sin 2β world average is 0.68±0.02 
 è β=(21.5+0.8

-0.7)°  
! Cosine term is consistent with zero 
     0.005±0.017  
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Measurement of sin2β in B→φK0 
! In the Standard Model, CP violating asymmetries  
     from B→J/ψK0 & B→φK0 modes yield the same  
     value of “sin 2β”  

!  Using 465×106 (383×106) BB events, BABAR  
      observed 381±23 φK0

S & (151±22 φK0
L events) 

!  Using 535×106 BB events, Belle observed  
      307±21 φK0

S  & 114±17 φK0
L events 

 
!  The CP asymmetry measurements from 
      BABAR & Belle yield: 

!  This agrees well with the SM prediction 

!   Another related mode is B→η’K0 yielding 

b

d g

t

d

s
s

s

W −

  K 0

φ	


  B 0

 
S

φK0 = +0.74
−0.13
+0.11

 
C
φK0 = 0.01 ± 0.14

B0→φKS 

   
A

fCP
(Δt) = S ⋅ sin Δm ⋅ Δt − C ⋅ cos Δm ⋅ Δt

 
S

η 'K0 = +0.59 ± 0.07
 
C
η 'K0 = −0.05 ± 0.05
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Comparison of sin2β in Penguin-Dominated Modes 
!  For the penguin-dominated 
      rare hadronic decays BABAR 
      and Belle yield consistent 
      results 

!  For most penguin-dominated 
      rare hadronic decays, the  
      measured value of sin2βeff 
      agrees with the sin2β	


    world average obtained from 
    B→ccK0 modes 
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CP Violation in the Bs System 
! The phase difference between the Bs mixing amplitude and b→ccs decay  
     amplitude of Bs meson is φs=2βs, where  
     in SM 
 
!  This is defined in analogy to β for  
      Bd decays  
 
!  CDF, D0, CMS ATLAS and LHCb have 
     measured βs using the decay Bs →J/ψφ  
      
! LHCb added Bs →J/ψπ+π- modes  

! Perform a 2-D fit in the βs-ΔΓs plane w & w/o other constraints 

! Present world average is  

! At ICHEP 2014, LHCb showed updated result with 3 fb-1 of Bs →J/ψπ+π- data 
 è LHCb average  

! LHCb also measured φs in Bs →φφ (3 fb-1) yielding 
  

   
β

s
= arg −(V

ts
V

tb
* ) (V

cs
V

cb
* )( )  1o

  
φ

s
= 2β

s
= 0.00 ± 0.07( )  rad

φ
s
= 0.07 ± 0.055( )  rad

  
φ

s
= −0.17 ± 0.15 ± 0.03( )  rad

(35) 



Study of the Bs Meson 
! ATLAs performed a time-dependent full angular analysis of  Bs →J/ψφ  (26 
     parameter ML fit) to extract amplitudes, strong phases, Γs, ΔΓs and φs 

!  This agrees with results from 
      CMS and LHCb and the SM 
      predictions 

 [rad]φψJ/
sφ

-1.5 -1 -0.5 0 0.5 1 1.5

]
-1

 [p
s

s
Γ

∆

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14  0.39 rad±   constrained to 2.95 δ
 constrained to > 0sΓ∆

ATLAS
 = 7 TeVs

-1 L dt = 4.9 fb∫

68% C.L.
90% C.L.
95% C.L.
Standard Model

)sφ|cos(12Γ = 2|sΓ∆

Figure 5. Likelihood contours in the φs − ∆Γs plane. Three contours show the 68%, 90% and
95% confidence intervals (statistical errors only). The green band is the theoretical prediction of
mixing- induced CP violation. The PDF contains a fourfold ambiguity. Three minima are excluded
by applying the constraints from the LHCb measurements [7, 20].

the expected value in the Standard Model. A likelihood contour in the φs − ∆Γs plane

is also provided for the minimum compatible with the LHCb measurements [7, 20]. The

fraction of S-wave KK or f0 contamination is measured to be consistent with zero, at

|AS(0)|2 = 0.02 ± 0.02.
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 φ
s
= (0.22 ± 0.41 ± 0.10) rad

ΔΓ
s
= (0.053 ± 0.021 ± 0.010) ps−1

 Γ
s
= (0.677 ± 0.007 ± 0.004) ps−1



Measurement of sin2α	


! Interference of b→uud decay w&w/o B0B0 mixing yields angle α    

!  Thus we need to measure Δt-dependent CP asymmetries of  
     b→ uud processes, such as B→ππ,ρπ,ρρ, … 
 
!  However, penguin pollution complicates 
      extraction of α è measure sin 2αeff  

!  Since |λ|≠1, CP asymmetry has form  
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tree 

γ	



B0 B0 mixing penguin 

1394±54 events 

B→π+π- 

  Aππ
(Δt) = −C

ππ
cos Δm

d
Δt + S

ππ
 sin Δm

d
Δt

 Sππ
= 2ℑmλ = sin2α (36) 



The Gronau-London Method 

! Sππ  measures 2αeff = 2α+Δα, where Δα can be determined using the Gronau-
London method 

!  The decays B→ π+ π-, π+π0, π0π0 are related by SU(2) 
      è Have isospin relations between amplitudes A+-, A+0, A00 

!  Central observation is that π π  states can have I=2 or 0, while gluonic  
      penguins only contribute to I = 0 (ΔI = ½ rule) 

 è π+π0  is pure I = 2, so only tree amplitude  → |A+0| = |A-0|	
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B→ππ isospin analysis 

Δα 

!  Need to measure:  
    C+-, C00 (amplitudes in Cos terms for 
     π+π- & π0π0), & A00, A+0	


 ! Effective isospin analysis requires 
    A00 & A00 very large, or very small! 
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S
ππ

= −0.64 ± 0.08 ± 0.03
C
ππ

= −0.33 ± 0.06 ± 0.03
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(b)

    B0   
     B

0   

467×106 BB events  

  

S
ππ

= −0.68 ± 0.10 ± 0.03
C
ππ

= −0.25 ± 0.08 ± 0.02

535×106 BB events  
     B

0   

    B0   

LHCb 

Measurement of sin2α in B→ππ	



 

S
ππ

= −0.71 ± 0.13 ± 0.02
C
ππ

= −0.31 ± 0.15 ± 0.02

! Compare results on B→ππ from BABAR, Belle and LHCb 



Summary of α Measurements 
!  Summary on α measurements 

! From combined ππ,  
    ρπ, ρρ results  
    constrain α to: 

 
 
!  Best constraints 
     from B→ρρ 

! Mirror solutions 
     are disfavored 

! CKM indirect 
     constraint yields: 

!  Very good agreement 50 

 α = [85.4 
-3.9
+4.0]o

 α = [94.9
−6.8
+4.8]o



Measurement of Angle γ 
! The angle γ is measurable via interference between B-→D0K- & 
     B-→D0K- decays, where the D0 /D0 decay to common final state 
 

 
!  Use 3 different methods: 

! Gronau-London-Wyler (GLW 1991)  

! Atwood-Dunietz-Soni (ADS 2001) 

! Giri, Grossman, Soffer Zupan (GGSZ) 
    D0 Dalitz plot analysis  
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*
cb usA V V∝

*
ub csA V V∝

cbV

*
usV

ubV

*
csV

3  λ∝

3 2 2  ie γλ ρ η∝ + ei(δB - γ) 

  

rB
(*) =

|A(B- →D
(*)0

K-)|
|A(B- →D(*)0K-)|

     ~ 0.1-0.3

Br

 σ (γ )[°]

0.1 0.2 

 Use B- →D
CP±
0 K- decays

 Use B- →D(*)0 (K-π + )K- decays

 Use B- →D0(KS
0π +π-)K- decays

   Size of the CP asymmetry 
   & error on γ depends on r(*)

B 



Dalitz Plot in B-→D0 (K0
sπ+π-) K-   

! Decay model of KSπ+π- : coherent sum of 10 Breit-Wigner amplitudes:  
     7 distinct resonances K*(892), K*0(1430), K*2(1430), K*(1680) (4 Cabibbo- 
     allowed and 3 DCS), ρ(770), ω(782), f2(1270) (CP-ES) plus 1 non-resonant  
     term (ππ S-Wave) 
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Decay Model Measurements 
  B− → D0K−

  B+ → D0K+

  B− → D*0K−
  B+ → D*0K+

K*(892) 

ρ/ω 

K* 

K*0,2(1430) f2 



Measurement of Angle γ in B-→D0 (K0
sπ+π-) K-  

! From the B- →D(*)0K- & corresponding decays BABAR extracts γ, rB and δB 

!  We get 2-fold ambiguity: (γ,δ(*)B) → (γ+π,δ(*)B+π)  
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  δB = (109-31stat
+28 ±4sys ±7Dalitz )°

  rB = 0.085 ± 0.035 ± 0.010 ± 0.011

 γ = (76±22stat ±5sys ±5Dalitz model)°

  γ = (76
−13
+12 ±4sys ±9Dalitz model)°

   rB
* = 0.135 ± 0.051± 0.011± 0.005

    δB
* = (63-30stat

+28 ±5sys ±4Dalitz )°



Summary of γ Measurements 
!  Combining all 3 methods  
    for B- → D(*)0K(*)- yields 
    first measurement of γ  

! A few years ago this  
    was thought to be  
    impossible 

!  From combined analysis 

!  From indirect constraints 

! γ measurements obtained from 2 independent methods  
   are in good agreement (errors are still large) 
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 γ = [70.0 
-9.0
+7.7]o

 γ = [66.4 
-3.3
+1.2]o



Present Status of Unitarity Triangle 
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!  Global fit in ρ-η plane using 
      Vub, Vcb, Δmd, Δms, εK, sin 2β,  
      cos 2β, sin 2α, γ 
  
!  Measurements of 3 sides 
     agree with measurements 
     of the 3 angles  
     è expect this in the SM 
     è no O(1) New Physics effects 

!   Since the SM works so well,  
      look for New Physics as a  
      correction to the SM at O(0.1)  

 

88.9o < α < 97.3o  @  95% CL
20.5o < β < 23.5o   @  95% CL
61.4o < γ < 68.9o   @  95% CL

 

0.133 < ρ < 0.182 @  95% CL
0.318 < η < 0.366 @  95% CL



Present Status of Unitarity Triangle in Scan Method 
!  Perform a fit using 256 measurements and 114 parameters 
  è use all available B and ACP measurements in B→PP, PV, VV, a1P for α	


  è use B & ACP measurements in B-→D(*)0K-(π-), B-→D0K*-(ρ-) for γ	


  è use εK, Δmd, Δms, sin 2β, B(B→τ ±ν), mt , mc  and CKM matrix elements 
	


!  Theory uncertainties δ in Vub, Vcb, fBd, BBd, fBs, BBs, BK have a non-Gaussian part 
      that we scan over 
  
! So we select particular values  
     within ±1δ and perform a fit 
 
! For P(χ2)> 5%, we plot contours  
    in the ρ-η plane  
 è allowed range is envelope of 
       all contours 
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81.1o < α < 93.3o  @  95% CL
19.0o < β < 25.8o   @  95% CL
62.8o < γ < 79.8o   @  95% CL  

0.058 < ρ < 0.191 @  95% CL
0.314 < η < 0.406 @  95% CL
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T  Violation 
!  The B0B0 system produced at the ϒ4S) is unique for measuring T violation 

! Use the 
    decay 
    B→J/ψK0 
    and explore 
    time 
    distribution  
 
!  Define 
     B+: CP even 
     B-: CP odd 

 
! We construct:  
                                                                                              where SX,Y and CX,Y 
                                                                                              come from time-dep 
                                                                                              asymmetries as ACP 

  

     A
B

−
→  B 0

  

     B
B 0 →  B

+

  

     E
B

−
→  B 0

  

     F
B 0 →  B

+

  

     C
B
+
→  B 0   

     D
B 0 →  B

−

  

     G
B
+
→  B 0

  

     H
B 0 →  B

−

Δt	
  

Decay:	
  	
  J/ψ	
  KL	
  	
  (CP=+1)	
   Decay:	
  J/ψ	
  KS	
  	
  (CP=-­‐1)	
  

tag: l+�

tag: l-­�

CP	
   T	
  

CPT	
  

CP	
  

CPT	
  

   
ΔS

T
+ =S

ℓ− ,K L
0 Δt < 0( ) −S

ℓ+ ,KS
0 Δt > 0( )

   
ΔS

T
− =S

ℓ− ,K L
0 Δt > 0( ) −S

ℓ+ ,KS
0 Δt < 0( )

   
ΔC

T
+ = C

ℓ− ,K L
0 Δt < 0( ) −C

ℓ+ ,KS
0 Δt > 0( )

   
ΔC

T
− = C

ℓ− ,K L
0 Δt > 0( ) −C

ℓ+ ,KS
0 Δt < 0( )



59 

T  Violation Asymmetries 
! Define 4 asymmetries, e.g. 
 
! The AT asymmetries clearly show 
     the expected T violation 
       
! Plot of ΔC±

T versus ΔS±
T shows a 14σ	



     effect 
  

 
 
  
! Red (blue) curves are fit projections with (w/o) T violation, points: data  

  
A

T
=

N( B
+
→B 0) −N( B 0 →B

+
)

N( B
+
→B 0) +N( B 0 →B

+
)
≈
ΔC

T
+

2
cos ΔmΔt +

ΔS
T
+

2
sin ΔmΔt

 point for no T violation 

(37) 
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Check for CP Violation and CPT Conservation 
! Define in similar way (ΔC±

CP, ΔS±
CP) 

     and (ΔC±
CPT, ΔS±

CPT) pairs 

CPT 

Point for no CP violation 

Point for no CPT violation 

CP 

! Measure T and CP violation and CPT 
conservation in the same sample 



Conclusion and Outlook 
! B physics has produced many interesting results and is still a very active field 

! The Belle II upgrade is in full progress èexpect data taking 2016? 

! LHCb is planning a full detector upgrade for the 2018 shutdown 

! In the next decade,  LHCb and Belle II will make many more precision  
    measurements  
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B-→Dτ-ν Decay Rate  
!  For B→D(*)τν, the differential decay rate  
      in the SM is 

 where Hi are the helicity amplitudes  
 that are functions of formfactors 
!   
!  Charged Higgs decays may enhance the decay rate 

!  In the 2Higgs Doublet Model (2HDM) type II the decay rate is multiplied 
     by 
                      where β is the ratio  
                                      of the VEVs of the 2 doublets   
!   
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consistently exceeded the SM expectations, though the178

significance of the excess is low due to the large statistical179

uncertainties.180

We recently presented an update of the earlier mea-181

surement [14] based on the full BABAR data sample [17].182

This update included improvements to the event recon-183

struction that increased the signal efficiency by more184

than a factor of 3. In the following, we describe the anal-185

ysis in greater detail, present the distributions of some186

important kinematic variables, and expand the interpre-187

tation of the results.188

We choose to reconstruct only the purely leptonic de-189

cays of the τ lepton, τ− → e−νeντ and τ− → µ−νµντ ,190

so that B → D(∗)τ−ντ and B → D(∗)ℓ−νℓ decays are191

identified by the same particles in the final state. This192

leads to the cancellation of various detection efficiencies193

and the reduction of related uncertainties on the ratios194

R(D(∗)).195

Candidate events originating from Υ (4S) → BB de-196

cays are selected by reconstructing the hadronic decay of197

one of the B mesons (Btag) and the semileptonic decay of198

the other, specifically a charm meson (charged or neutral199

D or D∗ meson) and a charged lepton (either e or µ).200

Yields for the signal decays B → D(∗)τ−ντ and the201

normalization decays B → D(∗)ℓ−νℓ are extracted by an202

unbinned maximum-likelihood fit to the two-dimensional203

distributions of the invariant mass of the undetected par-204

ticles m2
miss = p2miss = (pe+e−−pBtag −pD(∗)−pℓ)2 (where205

pe+e− , pBtag , pD(∗) , and pℓ refer to the four-momenta of206

the colliding beams, the Btag, the D(∗), and the charged207

lepton, respectively) versus the lepton three-momentum208

in the B rest frame, |p∗

ℓ |. The m2
miss distribution for de-209

cays with a single missing neutrino peaks at zero, whereas210

signal events, which have three missing neutrinos, have a211

broad m2
miss distribution that extends to about 9GeV2.212

The observed lepton in signal events is a secondary par-213

ticle from the τ decay, so its |p∗

ℓ | spectrum is softer than214

for primary leptons in normalization decays.215

The principal sources of background originate fromBB216

decays and from continuum events, i.e., e+e− → ff(γ)217

pair production, where f = u, d, s, c, τ . The yields and218

distributions of these two background sources are derived219

from selected data control samples. The background de-220

cays that are most difficult to separate from signal decays221

come from semileptonic decays to higher mass, excited222

charm mesons, since they can produce similar m2
miss and223

|p∗

ℓ | values to signal decays and their branching fractions224

and decay properties are not well known. Thus, their225

impact on the signal yield is examined in detail.226

The choice of the selection criteria and the fit configu-227

ration are based on samples of simulated and data events.228

To avoid bias in the determination of the signal yield, the229

signal region was blinded for data until the analysis pro-230

cedure was settled.231

b c

q q

ντ

τ
−

}D(∗)
B{

W−/H−

FIG. 1. Parton level diagram for B → D(∗)τ−ντ decays.
The gluon lines illustrate the QCD interactions that affect
the hadronic part of the amplitude.

II. THEORY OF B → D(∗)τ−ντ DECAYS232

A. Standard Model233

Given that leptons are not affected by quantum chro-234

modynamic (QCD) interactions (see Fig. 1), the matrix235

element of B → D(∗)τ−ντ decays can be factorized in236

the form [5]237

Mλτ

λ
D(∗)

(q2, θτ ) =
GFVcb√

2

∑

λW

ηλW
Lλτ

λW
(q2, θτ )H

λ
D(∗)

λW
(q2) ,

(2)

where Lλτ

λW
and H

λ
D(∗)

λW
are the leptonic and hadronic238

currents defined as239

Lλτ

λW
(q2, θτ ) ≡ ϵµ(λW ) ⟨τ ντ |τ γµ(1 − γ5) ντ |0⟩ , (3)

H
λ
D(∗)

λW
(q2) ≡ ϵ∗µ(λW )

〈

D(∗) |c γµ(1− γ5) b|B
〉

. (4)

Here, the indices λ refer to the helicities of the W , D(∗),240

and τ , q = pB−pD(∗) is the four-momentum of the virtual241

W , and θτ is the angle between the τ and the D(∗) three-242

momenta measured in the rest frame of the virtual W .243

The metric factor η in Eq. 2 is η{±,0,s} = {1, 1,−1},244

where λW = ±, 0, and s refer to the four helicity states245

of the virtual W boson (s is the scalar state which, of246

course, has helicity 0).247

The leptonic currents can be calculated analytically248

with the standard framework of electroweak interactions.249

In the rest frame of the virtual W (W ∗), they take the250

form [18]:251

L−

±
= −2

√

q2vd± , L+
±
= ∓

√
2mτvd0 , (5)

L−

0 = −2
√

q2vd0 , L+
0 =

√
2mτv(d+ − d−) , (6)

L−

s = 0 , L+
s = −2mτv , (7)

with252

v =

√

1−
m2

τ

q2
, d± =

1± cos θτ√
2

, d0 = sin θτ . (8)

Given that the average q2 in B → D(∗)τ−ντ decays is253

about 8 GeV2, the fraction of τ− leptons with positive254

helicity is about 30% in the SM.255

Due to the nonperturbative nature of the QCD inter-256

action at this energy scale, the hadronic currents cannot257

(12) 

(13) 

(14) 

(15) 

(16) 
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B→Dτν Higgs Contribution 
! B→D(*)τν may get sizable contributions from H- compared to B→D(*)µν 

     due to the large τ mass that also reduces the B→D(*)τν phase space 

!  The shape of the q2 spectrum 
      is modified by H± contributions 

!  The strategy is to measure the 
      ratios 

! The ratios are independent of  |Vcb| & 
     to a large extent to hadronic matrix 
      elements 
 
! In the SM   

   

R(D) =
B B → Dτ−ν( )
B B → D−ν( )

6

where V1(1) and ρ2D are FF parameters. The normal-317

ization V1(1) cancels in the ratio R(D). Based on B →318

Dℓ−νℓ decays, the average value of the shape parameter319

is ρ2D = 1.186 ± 0.055 [4]. As for B → D∗τ−ντ decays,320

the scalar hadronic amplitude is helicity suppressed and321

as a result, S1(w) cannot be measured with B → Dℓ−νℓ322

decays. We use instead the following estimate based on323

HQET [8]:324

S1(w) = V1(w)
{

1 +∆[− 0.019 + 0.041(w − 1)

− 0.015(w− 1)2]
}

, (15)

with ∆ = 1± 1.325

We have employed this FF parameterization to gener-326

ate B → Dτ−ντ and B → Dℓ−νℓ decays, as described327

in Sec. III C 2. Though we used the same FF definitions328

and parameters, we found a difference of 1% between the329

value of R(D) that we obtained by integrating Eq. 9 and330

the value quoted in Ref. [8].331

On the other hand, if we adopt the FF parameters of332

Ref. [20] we perfectly reproduce their R(D) predictions.333

The translation of these FFs into hadronic amplitudes is334

not straightforward, so we do not use this FF parame-335

terization in the Monte Carlo simulation. Since both pa-336

rameterizations yield virtually identical q2 spectra, they337

are equivalent with respect to Monte Carlo generation,338

which is not sensitive to differences in normalization.339

3. SM calculation of R(D(∗)) and q2 spectrum340

We determine the SM predictions for the ratios341

R(D(∗)) integrating the expression for the differential de-342

cay rate (Eq. 9) as follows:343

R(D(∗)) ≡
B(B → D(∗)τν)

B(B → D(∗)ℓν)
=

∫ q2max

m2
τ

dΓτ

dq2 dq2

∫ q2max

m2
ℓ

dΓℓ

dq2 dq2
, (16)

with q2max = (mB −mD(∗))2.344

The uncertainty of this calculation is determined by345

generating one million random sets of values for all the346

FF parameters assuming Gaussian distributions for the347

uncertainties and including their correlations. We calcu-348

late R(D(∗)) with each set of values, and assign the root349

mean square (RMS) of its distribution as the uncertainty.350

We repeat this procedure for B0 and B− decays, and for351

ℓ = e and µ, and average the four results to arrive at the352

following predictions,353

R(D)SM = 0.297± 0.017 , (17)

R(D∗)SM = 0.252± 0.003 . (18)

Additional uncertainties that have not been taken into354

account could contribute at the percent level. For in-355

stance, some electromagnetic corrections could affect356

B → D(∗)ℓ−νℓ and B → D(∗)τ−ντ decays differently [9].357

The experimental uncertainty on R(D(∗)) is expected to358

be considerably larger.359
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FIG. 2. (Color online). Predicted q2 spectra for (a) B →
Dτ−ντ and B → Dℓ−νℓ decays for V1(1)Vcb = 0.0427 and
(b) B → D∗τ−ντ and B → D∗ℓ−νℓ decays for hA1(1)Vcb =
0.0359 [4].

The q2 spectra for B → D(∗)τ−ντ decays in Fig. 2360

clearly show the threshold at q2min = m2
τ , while for361

B → D(∗)ℓ−νℓ decays q2min ∼ 0. We take advantage362

of this difference in the signal selection by imposing363

q2 > 4GeV2. The spectra for ℓ = e and µ are almost364

identical, except for q2 < m2
µ = 0.011GeV2.365

B. Two-Higgs-Doublet Model Type II366

As we noted in the introduction, B → D(∗)τ−ντ de-367

cays are potentially sensitive to new physics (NP) pro-368

cesses. Of particular interest is the two-Higgs-doublet369

model (2HDM) of type II, which describes the Higgs sec-370

tor of the Minimal Supersymmetric model at tree level.371

In this model, one of the two Higgs doublets couples to372

up-type quarks, while the other doublet couples to down-373

type quarks and leptons.374

The contributions of the charged Higgs to B →375

D(∗)τ−ντ decays can be encapsulated in the scalar helic-376

ity amplitude in the following way:377

H2HDM
s ≈ HSM

s ×
(

1−
tan2β

m2
H±

q2

1∓mc/mb

)

. (19)

Here, tanβ is the ratio of the vacuum expectation values378

of the two Higgs doublets, mH± is the mass of the charged379

Higgs, and mc/mb = 0.215± 0.027 [21] is the ratio of the380

c- and b-quark masses at a common mass scale. The381

negative sign in Eq. 19 applies to B → Dτ−ντ decays382

and the positive sign applies to B → D∗τ−ντ decays.383

This expression is accurate to 1% for mH+ larger than384

15GeV. The region for mH+ ≤ 15GeV has already been385

excluded by B → Xsγ measurements [22].386

The tanβ/mH+ dependence of the ratios R(D(∗)) in387

the type II 2HDM can be studied by substituting H2HDM
s388

for HSM
s in Eq. 9. Given that charged Higgs bosons are389

not expected to contribute significantly to B → D(∗)ℓ−νℓ390

decays, R(D(∗))2HDM can be described by a parabola in391

the variable tan2β/m2
H+ ,392

R(D(∗))2HDM = R(D(∗))SM+AD(∗)

tan2β

m2
H+

+BD(∗)

tan4β

m4
H+

.

(20)

7

TABLE I. Dependence of R(D(∗)) on the tanβ/mH+ in the
2HDM according to Eq. 20 for B → Dτ−ντ andB → D∗τ−ντ

decays: the values of R(D(∗)), the parameters A and B with
their uncertainties, and correlations C.

B → Dτ−ντ B → D∗τ−ντ

R(D(∗))SM 0.297 ± 0.017 0.252 ± 0.003

A
D(∗) (GeV2) −3.25 ± 0.32 −0.230 ± 0.029

B
D(∗) (GeV4) 16.9 ± 2.0 0.643 ± 0.085

C(R(D(∗))SM, A
D(∗)) −0.928 −0.946

C(R(D(∗))SM, B
D(∗)) 0.789 0.904

C(A
D(∗) , BD(∗)) −0.957 −0.985

Table I lists the values of AD(∗) and BD(∗) , which are393

determined by averaging over B0 and B− decays. The394

uncertainty estimation includes the uncertainties on the395

mass ratiomc/mb and the FF parameters, as well as their396

correlations.397

Due to the destructive interference between the SM398

and 2HDM amplitudes in Eq. 19, charged Higgs con-399

tributions depress the ratios R(D(∗)) for low values of400

tanβ/mH+ . For larger values of tanβ/mH+ , the Higgs401

contributions dominate and R(D) and R(D∗) increase402

rapidly. As the coefficients of Table I show, the 2HDM403

impact is expected to be larger for R(D) than for R(D∗).404

This is because charged Higgs contributions only affect405

the scalar amplitude H2HDM
s , but B → D∗τ−ντ decays406

also receive contributions from H±, diluting the effect on407

the total rate.408

Figure 3 shows the impact of the 2HDM on the q2 spec-409

trum. Given that the B and D mesons have spin J = 0,410

the SM decays B → DW ∗ → Dτν proceed via P -wave411

for JW∗ = 1, and via S-wave for JW∗ = 0 . For the412

P -wave decay, which accounts for about 96% of the total413

amplitude, the decay rate receives an additional factor414

|p∗
D|2, which suppresses the q2 spectrum at high values.415

Since charged Higgs bosons have JH = 0, their contribu-416

tions proceed via S-wave, and, thus, have a larger average417

q2 than the SM contributions. As a result, for low values418

of tanβ/mH+ where the negative interference depresses419

H2HDM
s , the q2 spectrum shifts to lower values. For large420

values of tanβ/mH+ , the Higgs contributions dominate421

the decay rate and the average q2 significantly exceeds422

that of the SM.423

The situation is different for B → D∗τ−ντ decays be-424

cause the D∗ meson has spin JD∗ = 1. The SM decays425

can proceed via S, P , or D-waves, while the decay via426

an intermediate Higgs boson must proceed via P -wave,427

suppressing the rate at high q2.428

When searching for charged Higgs contributions, it is429

important to account for the changes in the q2 spectrum.430

This distribution has a significant impact on the analysis431

due to the close relation between q2 and m2
miss, one of432

the fit variables.433

Charged Higgs contributions also affect the |p∗
ℓ | dis-434

tribution. Given the spin 0 of the Higgs boson and the435
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FIG. 3. (Color online). Predicted q2 distributions for (a)
B → Dτ−ντ and (b) B → D∗τ−ντ decays for different values
of tanβ/mH+ . All curves are normalized to unit area.

positive helicity (right-handedness) of the anti-neutrino,436

the decays H− → τ−ντ always produce τ− leptons with437

positive helicities (λτ = +). As a result, the fraction of438

right-handed τ− leptons produced in B → D(∗)τ−ντ de-439

cays changes from 30% in the SM, to close to 100% when440

the 2HDM contributions dominate.441

The lepton spectrum of polarized τ± → ℓ±νℓντ de-442

cays is well known [23]. For τ− leptons with λτ− = −,443

the ℓ− is emitted preferentially in the τ− direction, while444

the opposite is true for positive helicities. In the B rest445

frame, leptons of a certain momentum in the τ− rest446

frame have larger momentum if they are emitted in the447

direction of the τ− momentum than in the opposite di-448

rection. As a result, the |p∗
ℓ | spectrum for SM decays is449

harder than for Higgs dominated decays. For low val-450

ues of tanβ/mH+ for which the destructive interference451

depresses the B → D(∗)τ−ντ rate, the proportion of left-452

handed τ− leptons increases, and therefore, the |p∗
ℓ | spec-453

trum is even harder than in the SM.454

III. DATA SAMPLE, DETECTOR AND455

SIMULATION456

A. Data Sample457

This analysis is based on the full data sample recorded458

with the BABAR detector [24] at the PEP-II energy-459

asymmetric e+e− storage rings [25]. It operated at a460

center-of-mass (c.m.) energy of 10.58 GeV, equal to the461

mass of the Υ (4S) resonance. This resonance decays al-462

most exclusively to BB pairs. The collected data sample463

of 471 million Υ (4S) → BB events (on-peak data), corre-464

sponds to an integrated luminosity of 426 fb−1 [26]. To465

study continuum background, an additional sample of466

40 fb−1 (off-peak data) was recorded approximately 40467

MeV below the Υ (4S) resonance, i.e., below the thresh-468

old for BB production.469

R(D*) =
B B → D*τ−ν( )
B B → D*−ν( )

R(D) = 0.297 ± 0.017  R(D*) = 0.252 ± 0.003

l=e,µ	
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B→Dτν Analysis  
!  Experimentally, we reconstruct one B in a hadronic final state 
     using 2968 individual modes, called Btag 

! For each Btag, we look for a semileptonic 
    decay, i.e. a lepton and a D or D* 

! We reconstruct the τ only in leptonic decays, è get signal and  
     normalization modes 

! The D0 (D+) is reconstructed in 5 (7) final states, the D*+ in D0 π+, 
     D+π0 and D*0 in D0 π0, D0γ	



! Backgrounds originate from B→D**τ/lν, generic BB and qq continuum  

! For signal events, there are three neutrinos è we look at various kinematic 
    observables: q2, pl (lepton momentum), m2

miss (missing mass squared), 
    ΔE=Etag-Ebeam, mES=(E2beam-p2tag)1/2, Eextra (extra neutral E in calormeter) 

1.3. PROCEDURE OUTLINE 11

Figure 1.3: Schematic of the e+e− → Υ (4S) → BtagBsig, and Bsig → D(∗)τ−ντ decay chain. The
dashed lines represent intermediate states, and the dotted arrows represent the neutrinos that escape
detection.

while the 2008 BABAR measurement analyzed less than half the amount of data used in the Belle

results, the significance of the measured signal is not conmensurate. The main reason for this was

the higher efficiency of the B tagging algorithm employed at BABAR. For this analysis, we have

further improved the efficiency of this algorithm by a factor of two.

The signal B meson decays as Bsig → D(∗)τ−ντ . The D(∗) meson is reconstructed in one of four

channels : D0, D∗0, D+ and D∗+. These four channels effectively divide the data into four separate

samples, for which the analysis is performed almost independently.

We choose to reconstruct only the purely leptonic decays of the τ− lepton, τ− → e−νeντ and

τ− → µ−νµντ , so that signal and normalization events (B → D(∗)ℓ−νℓ) are identified by the same

particles in the final state. This leads to the cancellation of various sources of uncertainty in the

ratios R(D(∗)), such as those due to tracking or particle identification. The cancellation is only

approximate due to differences in the kinematics.

The signal and normalization yields are extracted from a two-dimensional fit to the missing mass

squared m2
miss and the momentum of the light lepton in the Bsig frame, p∗ℓ . Figure 1.4 shows the

distributions of these variables for different contributions, as well as the relative abundance after all

selection cuts are applied.

The variable with the most discriminating power is the missing mass, which we calculate as

m2
miss =

(
pe+e− − pBtag − pD(∗) − pℓ−

)2
. (1.2)

Here, p are four-momenta and pe+e− is the four momentum of the electron-positron system. In the

center-of-mass (CM) frame, pe+e− is given by (10.58, 0, 0, 0) GeV. In this document, all three-vectors

will be written in bold face, with the exception of p∗ℓ ≡ |p∗
ℓ |.

In correctly reconstructed normalization events, the only missing particle is the neutrino, so
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B→Dτν m2
miss and pl Distributions  

! 4 final 
     states 

!  D0l  
!  D*0l  
!  D+l  
!  D*+l  
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FIG. 8. (Color online). Comparison of the m2
miss and |p∗

ℓ | distributions of the D
(∗)ℓ samples (data points) with the projections of

the results of the isospin-unconstrained fit (stacked colored distributions). The region above the dashed line of the background
component corresponds to BB background and the region below corresponds to continuum. The peak at m2

miss = 0 in
the background component is due to charge cross-feed events. The |p∗

ℓ | distributions show the signal-enriched region with
m2

miss ≥ 1GeV2, thus excluding most of the normalization events in these samples.

B → D∗∗(τ−/ℓ−)ν branching fractions: As noted
above, the sharp peak in the m2

miss distribution of the
D(∗)π0ℓ samples constrains contributions from B →
D(∗)πℓν decays. Events with additional unreconstructed
particles contribute to the tail of the m2

miss distribution
and, thus, are more difficult to separate from other back-
grounds and signal events. This is the case for B →
D∗∗τ−ντ decays, which are combined with B → D∗∗ℓ−νℓ
decays in the D∗∗(ℓ/τ)ν PDFs with the relative propor-
tion R(D∗∗)PS = 0.18. This value has been derived
from the ratio of the available phase space. The same
estimate applied to B → D(∗)ℓ−νℓ decays results in
R(D)PS = 0.279 and R(D∗)PS = 0.251, values that are
58% and 32% smaller than the measured values. Tak-
ing this comparison as guidance for the error on R(D∗∗),
we increase R(D∗∗) by 50%, recalculate the D∗∗(ℓ/τ)ν
PDFs, and repeat the fit. As a result, the values of R(D)
and R(D∗) decrease by 1.8% and 1.7%, respectively. The
impact is relatively small, because B → D∗∗τ−ντ con-

tributions are small with respect to signal decays, which
have much higher reconstruction efficiencies.
Unmeasured B → D∗∗(→ D(∗)ππ)ℓνℓ decays: To as-

sess the impact of other potential B → D∗∗ℓ−νℓ contri-
butions, we modify the standard fit by adding an addi-
tional component. Out of the four contributions listed
in Table VI, the three-body decays of the D∗∗ states
with L = 1 give the best agreement in the fits to the
D(∗)π0ℓ samples. For this decay chain, the m2

miss distri-
bution has a long tail due to an additional undetected
pion. This could account for some of the observed excess
at 1 < m2

miss < 2GeV2 in Fig. 9. We assign the observed
change in R(D(∗)) as a systematic uncertainty.

2. Cross-feed Constraints

MC statistics: Constraints on the efficiency ratios
that link contributions from the same source are taken
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B→Dτν Implications on 2HDM 
!  Measure 

! This is much higher than the SM 
     prediction, disagreement of R(D) 
     and R(D*) with the SM is 3.4σ	



! We can compare the measurements  
     with the predictions of 2HDM 

! The combination of R(D) and R(D*) excludes 2HDM, since allowed  
    regions 0.44±0.02 GeV-1 and 0.75±0.02 GeV-1 do not overlap  

!  The type III 2HDM still has two solutions 
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FIG. 17. (Color online). Representation of the χ2 (Eq. 30) in
the R(D)–R(D∗) plane. The white cross corresponds to the
measured R(D(∗)), and the black cross to the SM predictions.
The shaded bands represent one standard deviation each.

distribution in the R(D)–R(D∗) plane. The contours are1439

ellipses slightly rotated with respect to the R(D)–R(D∗)1440

axes, due to the non-zero correlation.1441

For the assumption that R(D(∗))th = R(D(∗))SM, we1442

obtain χ2 = 14.6, which corresponds to a probability of1443

6.9×10−4. This means that the possibility that the mea-1444

sured R(D) and R(D∗) both agree with the SM predic-1445

tions is excluded at the 3.4σ level. Recent calculations1446

[7, 8, 41, 42] have resulted in values of R(D)SM that1447

slightly exceed our estimate. For the largest of those val-1448

ues, the significance of the observed excess decreases to1449

3.2σ.1450

B. Search for a charged Higgs1451

To examine whether the excess in R(D(∗)) can be ex-1452

plained by contributions from a charged Higgs boson in1453

the type II 2HDM, we study the dependence of the fit1454

results on tanβ/mH+ .1455

For 20 values of tanβ/mH+ , equally spaced in the1456

[0.05, 1.00]GeV−1 range, we recalculate the eight signal1457

PDFs, accounting for the charged Higgs contributions as1458

described in Sec. II. Figure 18 shows the m2
miss and |p∗

ℓ |1459

projections of the D0τν ⇒ D0ℓ PDF for four values of1460

tanβ/mH+ . The impact of charged Higgs contributions1461
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miss and |p∗

ℓ | projections of the D0τν ⇒ D0ℓ PDF
for various values of tanβ/mH+ . The areas under the curves
are normalized to 10 units.
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FIG. 19. (Color online). Left: Variation of the B → Dτ−ντ

(top) and B → D∗τ−ντ (bottom) efficiency in the 2HDM
with respect to the SM efficiency. The band indicates the
increase on statistical uncertainty with respect to the SM
value. Right: Variation of the fitted B → Dτ−ντ (top) and
B → D∗τ−ντ (bottom) yields as a function of tanβ/mH+ .
The band indicates the statistical uncertainty of the fit.

on the m2
miss distribution mirrors those in the q2 distri-1462

bution, see Fig. 3, because of the relation1463

m2
miss =

(

pe+e− − pBtag − pD(∗) − pℓ
)2

= (q − pℓ)
2 .

The changes in the |p∗
ℓ | distribution are due to the change1464

in the τ polarization.1465

We recalculate the value of the efficiency ratio1466

εsig/εnorm as a function of tanβ/mH+ (see Fig. 19).1467

The efficiency increases up to 8% for large values of1468

tanβ/mH+ , and, as we noted earlier, its uncertainty in-1469

creases due to the larger dispersion of the weights in the1470

2HDM reweighting.1471

The variation of the fitted signal yields as a function1472

of tanβ/mH+ is also shown in Fig. 19. The sharp drop in1473

the B → Dτ−ντ yield at tanβ/mH+ ≈ 0.4GeV−1 is due1474

to the large shift in the m2
miss distribution which occurs1475

when the Higgs contribution begins to dominate the total1476

rate. This shift is also reflected in the q2 distribution and,1477

as we will see in the next section, the data do not support1478

it. The change of the B → D∗τ−ντ yield, mostly caused1479

by the correlation with the B → Dτ−ντ sample, is much1480

smaller.1481

Figure 20 compares the measured values of R(D) and1482

R(D∗) in the context of the type II 2HDM to the theoret-1483

ical predictions as a function of tanβ/mH+ . The increase1484

in the uncertainty on the signal PDFs and the efficiency1485

ratio as a function of tanβ/mH+ are taken into account.1486

Other sources of systematic uncertainty are kept constant1487

in relative terms.1488

The measured values of R(D) and R(D∗) match1489

the predictions of this particular Higgs model for1490

tanβ/mH+ = 0.44±0.02GeV−1 and tanβ/mH+ = 0.75±1491

0.04GeV−1, respectively. However, the combination of1492

R(D) and R(D∗) excludes the type II 2HDM charged1493

Higgs boson at 99.8% confidence level for any value of1494

tanβ/mH+ , as illustrated in Fig. 21. This calculation is1495

only valid for values of mH+ greater than 15GeV [5, 8].1496
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FIG. 20. 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.

200 400 600 8000

50

100

σ 3
σ 4
σ 5

Excl. at

1000
mH+ (GeV)

ta
n
β

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.

The region for mH+ ≤ 15GeV has already been excluded1497

by B → Xsγ measurements [22], and therefore, the type1498

II 2HDM is excluded in the full tanβ–mH+ parameter1499

space.1500

The excess in both R(D) and R(D∗) can be explained1501

in more general charged Higgs models [42–45]. The ef-1502

fective Hamiltonian for a type III 2HDM is1503

Heff =
4GFVcb√

2

[

(cγµPLb) (τγ
µPLντ )

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

,

(31)

where SL and SR are independent complex parameters,1504

and PL,R ≡ (1 ∓ γ5)/2. This Hamiltonian describes the1505

most general type of 2HDM for which m2
H+ ≫ q2.1506

In this context, the ratios R(D(∗)) take the form1507

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.
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FIG. 22. (Color online). Favored regions for real values of
the parameters SR and SL given by the measured values of
R(D(∗)). The bottom two solutions are excluded by the mea-
sured q2 spectra.

The sign difference arises because B → Dτ−ντ decays1508

probe scalar operators, while B → D∗τ−ντ decays are1509

sensitive to pseudo-scalar operators.1510

The type II 2HDM corresponds to the subset of1511

the type III 2HDM parameter space for which SR =1512

−mbmτ tan2β/m2
H+ and SL = 0. This results in the1513

predictions of Fig. 20, which are incompatible with the1514

measured values of R(D) and R(D∗) as shown in Fig. 21.1515

The R(D(∗)) measurements in the type II 2HDM con-1516

text correspond to values of SR±SL in the range [−7.4, 0].1517

Given that the amplitude impacted by NP contributions1518

takes the form1519

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

we can extend the type II results to the full type III1520

parameter space by using the values of R(D(∗)) ob-1521

tained with Hs(SR ± SL) for Hs(−SR ∓ SL). Given the1522

small tanβ/mH+ dependence of R(D∗) (Fig. 20), this1523

is a good approximation for B → D∗τ−ντ decays. For1524

B → Dτ−ντ decays, this is also true when the decay am-1525

plitude is dominated either by SM or NP contributions,1526

that is, for small or large values of |SR+SL|. The shift in1527

the m2
miss and q2 spectra, which results in the 40% drop1528

on the value ofR(D) shown in Fig. 20, occurs in the inter-1529

mediate region where SM and NP contributions are com-1530

parable. In this region, Hs(SR + SL) ̸= Hs(−SR − SL),1531

and, as a result, the large drop in R(D) is somewhat1532

shifted. However, given that the asymptotic values of1533

R(D) are correctly extrapolated, R(D) is monotonous,1534

and the measured value of R(D∗) is fairly constant, the1535

overall picture is well described by the Hs(SR ± SL) ≈1536

Hs(−SR ∓ SL) extrapolation.1537

Figure 22 shows that for real values of SR and SL,1538

there are four regions in the type III parameter space1539

that can explain the excess in both R(D) and R(D∗).1540

In addition, a range of complex values of the parameters1541

are also compatible with this measurement.1542
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FIG. 20. 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.

The region for mH+ ≤ 15GeV has already been excluded1497

by B → Xsγ measurements [22], and therefore, the type1498

II 2HDM is excluded in the full tanβ–mH+ parameter1499

space.1500

The excess in both R(D) and R(D∗) can be explained1501

in more general charged Higgs models [42–45]. The ef-1502

fective Hamiltonian for a type III 2HDM is1503

Heff =
4GFVcb√

2

[

(cγµPLb) (τγ
µPLντ )

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

,

(31)

where SL and SR are independent complex parameters,1504

and PL,R ≡ (1 ∓ γ5)/2. This Hamiltonian describes the1505

most general type of 2HDM for which m2
H+ ≫ q2.1506

In this context, the ratios R(D(∗)) take the form1507

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.
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FIG. 22. (Color online). Favored regions for real values of
the parameters SR and SL given by the measured values of
R(D(∗)). The bottom two solutions are excluded by the mea-
sured q2 spectra.

The sign difference arises because B → Dτ−ντ decays1508

probe scalar operators, while B → D∗τ−ντ decays are1509

sensitive to pseudo-scalar operators.1510

The type II 2HDM corresponds to the subset of1511

the type III 2HDM parameter space for which SR =1512

−mbmτ tan2β/m2
H+ and SL = 0. This results in the1513

predictions of Fig. 20, which are incompatible with the1514

measured values of R(D) and R(D∗) as shown in Fig. 21.1515

The R(D(∗)) measurements in the type II 2HDM con-1516

text correspond to values of SR±SL in the range [−7.4, 0].1517

Given that the amplitude impacted by NP contributions1518

takes the form1519

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

we can extend the type II results to the full type III1520

parameter space by using the values of R(D(∗)) ob-1521

tained with Hs(SR ± SL) for Hs(−SR ∓ SL). Given the1522

small tanβ/mH+ dependence of R(D∗) (Fig. 20), this1523

is a good approximation for B → D∗τ−ντ decays. For1524

B → Dτ−ντ decays, this is also true when the decay am-1525

plitude is dominated either by SM or NP contributions,1526

that is, for small or large values of |SR+SL|. The shift in1527

the m2
miss and q2 spectra, which results in the 40% drop1528

on the value ofR(D) shown in Fig. 20, occurs in the inter-1529

mediate region where SM and NP contributions are com-1530

parable. In this region, Hs(SR + SL) ̸= Hs(−SR − SL),1531

and, as a result, the large drop in R(D) is somewhat1532

shifted. However, given that the asymptotic values of1533

R(D) are correctly extrapolated, R(D) is monotonous,1534

and the measured value of R(D∗) is fairly constant, the1535

overall picture is well described by the Hs(SR ± SL) ≈1536

Hs(−SR ∓ SL) extrapolation.1537

Figure 22 shows that for real values of SR and SL,1538

there are four regions in the type III parameter space1539

that can explain the excess in both R(D) and R(D∗).1540

In addition, a range of complex values of the parameters1541

are also compatible with this measurement.1542

R(D) = 0.440 ± 0.058 ± 0.042  R(D*) = 0.332 ± 0.024 ± 0.018
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B→Dτν  
!  Lets look at a type III 2HDM 
     including scalar and pseudoscalar 
      contributions  
 
!  This modifies R(D) and R(D*) 
 

! There are 4 solutions, the q2 spectra 
     disfavor those at SR+SL=-1.5 

!  BABAR results are in good  
     agreement with other measurements 

!  Is this a hint for new physics?  
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FIG. 20. 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.

The region for mH+ ≤ 15GeV has already been excluded1497

by B → Xsγ measurements [22], and therefore, the type1498

II 2HDM is excluded in the full tanβ–mH+ parameter1499

space.1500

The excess in both R(D) and R(D∗) can be explained1501

in more general charged Higgs models [42–45]. The ef-1502

fective Hamiltonian for a type III 2HDM is1503

Heff =
4GFVcb√

2

[

(cγµPLb) (τγ
µPLντ )

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

,

(31)

where SL and SR are independent complex parameters,1504

and PL,R ≡ (1 ∓ γ5)/2. This Hamiltonian describes the1505

most general type of 2HDM for which m2
H+ ≫ q2.1506

In this context, the ratios R(D(∗)) take the form1507

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.
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FIG. 22. (Color online). Favored regions for real values of
the parameters SR and SL given by the measured values of
R(D(∗)). The bottom two solutions are excluded by the mea-
sured q2 spectra.

The sign difference arises because B → Dτ−ντ decays1508

probe scalar operators, while B → D∗τ−ντ decays are1509

sensitive to pseudo-scalar operators.1510

The type II 2HDM corresponds to the subset of1511

the type III 2HDM parameter space for which SR =1512

−mbmτ tan2β/m2
H+ and SL = 0. This results in the1513

predictions of Fig. 20, which are incompatible with the1514

measured values of R(D) and R(D∗) as shown in Fig. 21.1515

The R(D(∗)) measurements in the type II 2HDM con-1516

text correspond to values of SR±SL in the range [−7.4, 0].1517

Given that the amplitude impacted by NP contributions1518

takes the form1519

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

we can extend the type II results to the full type III1520

parameter space by using the values of R(D(∗)) ob-1521

tained with Hs(SR ± SL) for Hs(−SR ∓ SL). Given the1522

small tanβ/mH+ dependence of R(D∗) (Fig. 20), this1523

is a good approximation for B → D∗τ−ντ decays. For1524

B → Dτ−ντ decays, this is also true when the decay am-1525

plitude is dominated either by SM or NP contributions,1526

that is, for small or large values of |SR+SL|. The shift in1527

the m2
miss and q2 spectra, which results in the 40% drop1528

on the value ofR(D) shown in Fig. 20, occurs in the inter-1529

mediate region where SM and NP contributions are com-1530

parable. In this region, Hs(SR + SL) ̸= Hs(−SR − SL),1531

and, as a result, the large drop in R(D) is somewhat1532

shifted. However, given that the asymptotic values of1533

R(D) are correctly extrapolated, R(D) is monotonous,1534

and the measured value of R(D∗) is fairly constant, the1535

overall picture is well described by the Hs(SR ± SL) ≈1536

Hs(−SR ∓ SL) extrapolation.1537

Figure 22 shows that for real values of SR and SL,1538

there are four regions in the type III parameter space1539

that can explain the excess in both R(D) and R(D∗).1540

In addition, a range of complex values of the parameters1541

are also compatible with this measurement.1542
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TABLE X. Previous measurements of R(D(∗)).

Measurement R(D) R(D∗)

Belle 2007 [13] — 0.44 ± 0.08 ± 0.08

BABAR 2008 [14] 0.42 ± 0.12 ± 0.05 0.30 ± 0.06 ± 0.02

Belle 2009 [15] 0.59 ± 0.14 ± 0.08 0.47 ± 0.08 ± 0.06

Belle 2010 [16] 0.34 ± 0.10 ± 0.06 0.43 ± 0.06 ± 0.06

On the other hand, contributions to B → Dτ−ντ de-1598

cays proceeding via P -wave tend to shift the expected1599

q2 spectra to lower values. Thus, NP processes with1600

spin 1 could simultaneously explain the excess inR(D(∗))1601

[42, 43] and improve the agreement with the measured q21602

distributions.1603

X. CONCLUSIONS1604

In summary, we have measured the ratios R(D(∗)) =1605

B(B → D(∗)τ−ντ )/B(B → D(∗)ℓ−νℓ) based on the full1606

BABAR data sample, resulting in1607

R(D) = 0.440± 0.058± 0.042 ,

R(D∗) = 0.332± 0.024± 0.018 ,

where the first uncertainty is statistical and the second1608

systematic. These results supersede the previous BABAR1609

measurements [14]. Improvements of the event selec-1610

tion have increased the reconstruction efficiency of signal1611

events by more than a factor of 3, and the overall statis-1612

tical uncertainty has been reduced by more than a factor1613

of 2.1614

Table X shows the results of previous B → D(∗)τ−ντ1615

analyses. In 2007 and 2010, the Belle collaboration mea-1616

sured the absolute B → D(∗)τ−ντ branching fractions1617

which we translate to R(D(∗)) with B(B− → D0ℓ−νℓ) =1618

(2.26 ± 0.11)% [12] and B(B0 → D∗+ℓ−νℓ) = (4.59 ±1619

0.26)% [46]. For the translation of R(D∗), we choose1620

Belle’s measurement of the branching fraction, instead1621

of the world average, because of the current large spread1622

of measured values. For Belle 2009, we average the re-1623

sults for B0 and B− decays.1624

The values measured in this analysis are compatible1625

with those measured by the Belle Collaboration, as illus-1626

trated in Fig. 24.1627

The results presented here exceed the SM predictions1628

ofR(D)SM = 0.297±0.017 and R(D∗)SM = 0.252±0.0031629

by 2.0σ and 2.7σ, respectively. The combined signifi-1630

cance of this disagreement, including the negative corre-1631

lation between R(D) and R(D∗), is 3.4σ. Together with1632

the measurements by the Belle Collaboration, which also1633

exceed the SM expectations, this could be an indication1634

of NP processes affecting B → D(∗)τ−ντ decays.1635

These results are not compatible with a charged Higgs1636

boson in the type II 2HDM, and, together with B → Xsγ1637

measurements, exclude this model in the full tanβ–mH+1638

parameter space. More general charged Higgs models, or1639

0.2 0.4 0.6 0.80.2 0.4 0.6 0.8 0.3 0.4 0.5 0.60.3 0.4 0.5 0.6
R(D)R(D) R(D∗)R(D∗)

Belle 2007

BABAR 2008

Belle 2009

Belle 2010

BABAR 2012

FIG. 24. (Color online). Comparison of the previous mea-
surements of R(D(∗)) with statistical and total uncertainties
(Table X) with this measurement (BABAR 2012). The verti-
cal bands represent the average of the previous measurements
(light shading) and SM predictions (dark shading), separately
for R(D) and R(D∗). The widths of the bands represents the
uncertainties.

NP contributions with nonzero spin, are compatible with1640

the measurements presented here.1641

An analysis of the efficiency corrected q2 spectra of1642

B → Dτ−ντ and B → D∗τ−ντ decays shows good agree-1643

ment with the SM expectations, within the estimated un-1644

certainties. The combination of the measured values of1645

R(D(∗)) and the q2 spectra exclude a significant portion1646

of the type III 2HDM parameter space. Charged Higgs1647

contributions with small scalar terms, |SR + SL| < 1.4,1648

are compatible with the measured R(D(∗)) and q2 distri-1649

butions, but NP contributions with spin 1 are favored by1650

data.1651
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Unitarity Conditions of the CKM Matrix 
!  CP asymmetries in B0 decays into CP eigenstates provide a good 
     way to measure the 3 angles of the Unitarity Triangle, defined by 

! Lets consider some examples 

! Measurement of γ is more complicated (see later) 

! The goal is to make many independent measurements of both sides 
     and angles of the Unitarity Triangle to overconstrain it è test SM 

(30) 

(31) 
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CP Violation in the B System 
!  There are many useful constraints from B and K decays 
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=
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CP Violation in the B System 
!  We measured different samples  

!  Control sample has the same mistag rate and  Δt resolution as CP sample 
       (Δt error dominated by recoil side) è use in fit as well 
 

9377 tagged 
 events 

5813 tagged  
events 

166276  
flavor tags 

1291tagged 
 events 
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Tagging and Δt Reconstruction 
! Tag 2nd B by 

! Tagging quality 

! Error on sin2β depends on tagging quality 

!  Error on sin2β depends on tagging quality: Q=31.2±0.3%, ε=(74.37±0.1)% 

!  Δt reconstruction: 

!  Get Brec vertex from  
     charged daughter tracks  
     σz(Brec )=65 µm Ü Brec momentum 

!  Determine Btag vertex from remaining 
      charged tracks Ü Btag vertex & Btag momentum 
 
!  Average Δz resolution: 180 µm (Δt resolution: 0.6ps) 
 

  
σ (sin2β )∝ 1

Q

( )221 ωε −=Q

Beam spot 

Interaction Point 

BREC Vertex 
BREC daughters 

BREC direction 

BTAG direction TAG Vertex 

TAG tracks, V0s 

B0 D0 D*- 

ℓ+ soft π-	


K+ 

π-	



B0 D*- 

hard π+	

(33) 

(34) 



Extraction of α from B→ππ 

! Use as inputs: 
    B(B0→π+π-) 
     B(B0→π0π0) 
     B(B±→π±π0) 
    Sπ+π- 
    Cπ+π- 
    Cπ0π0 
 
  

 
 
! For B→ππ obtain no stringent constraint on α 
   è Need either also measurements from B→ρπ, B→ρρ, & B→a1π	


   è or need to combine all measured  B→PP modes 74 
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Direct CP Violation in B→Xsγ	


! In the SM, direct CP violation in B→Xsγ is predicted to be small:  
    -0.6%<ACP (Xsγ)<2.8% 

!  Its measurement is performed by using exclusive self-tagging  decays 

! Using 16 such modes in a sample of 471×106 BB events, BABAR measured  
 
 
!  The difference for charged and neutral B decays is 

!  ΔACP(B→Xsγ) depends on  C7γ and C8g: 

! In the SM, C7
eff and C8

eff are real èΔACP (Xsγ)=0 
!   This may be modified by new physics contributions  

!  BABAR measures             èfirst ΔACP(B→Xsγ) result 

  
A

CP
(X

s
γ) = 1.7 ±1.9

stat
±1.0

sys( )% è most precise ACP result 
arXiv:1406.0534 

   ΔA
CP
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γ) = A

CP
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+γ) −A

CP
(B0 →X

s
0γ)
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Benzke et al., PRL106, 141801 (2011) 
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Direct CP Violation in B→Xsγ	


! This yields a 90% CL constraints on Im (C8

eff/C7
eff) 

 
! This is the first constraint on the ratio of Wilson  
     coefficients C8

eff/C7
eff in this process  

Figure 27: 68% and 90% confidence interval of Im C

8

C

7

for given value of ˜⇤78.
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Im C

8
eff C

7
eff( )

−1.64 < Im C
8
eff C

7
eff( ) < 6.52 @90% CL
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! In the fully inclusive analysis, ACP has b→sγ & b→dγ contributions 
 
! In the SM, ACP(B →Xs+d)=0 
 
! Determine B/B from charge of tag 

!  All results agree well with the SM 
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B0B0 Mixing 
!  B0

d and B0
s can oscillate into their antiparticles B0

d and B0
s, respectively 

!  The Hamiltonian of the B0B0 system has a mass matrix M and a decay matrix Γ	


 è M corresponds to a phase in the wave function while Γ corresponds to a 
        probability density, which decays exponentially with time and has the  
        characteristic decay width 
 
!  By diagonalizing the Hamiltonian,  we obtain 2 CP eigenstates whose 

!   masses differ by                                                                   
      where M12 & Γ12 are the off diagonal matrix elements of M and Γ, respectively 
 
!  For B0

d, Γ12≈0 

box diagrams 

|ΔB|=2 transition  

B0 B0 B0 B0 

  
ΔM = 2ℜe M

12
− 1

2
Γ

12( ) M
12
* − 1

2
Γ

12
*( ) (20) 
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B0
d
 B0

d and B0
s
 B0

s Oscillation 
!  For a top quark in the box diagram, the 
     |ΔB|=2 weak Hamiltonian yields a mass  
     difference of  
 
 
 
     where GF is the Fermi constant, fB is the 
     B0

d decay constant, BB is the bag factor, 
     Vtb and Vtd are CKM matrix elements, mB 

        is the B0
d mass, MW is the W boson mass, 

     S0(mt
2/MW

2) is the function of the box, 
     mt is the top quark mass and ηB is a QCD 
     factor èfB & BB have theory uncertainties 

!  For  B0
s, ΔM is gotten from eq (21) by  

     replacing fB, BB, mB, and |V*
tdVtb|2 with the 

     corresponding B0
s quantities 

  

ΔM =
G

F

6π 2
B

B
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B
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t
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B0B0 Mixing Measurements 
!  For B0

d, the world 
      average for ΔM is 

!  For B0
s, the world 

      average for ΔM is 
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ΔM
Bs

0 = 17.671 ± 0.022 ps −1

  
ΔM

Bd
0 = (0.51 ± 0.004) ps −1


