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Overview	  

•  Quark	  flavour	  physics	  state	  of	  the	  art	  

•  Improving	  the	  precision	  

•  A	  few	  anomalies	  appear	  

•  New	  territory	  

•  Conclusions	  
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IntroducRon	  
•  Flavour	  physics	  is	  complementary	  approach	  to	  energy	  
fronRer	  searches	  in	  effort	  to	  uncover	  “New	  Physics”	  
–  This	  has	  been	  repeatedly	  demonstrated	  through	  the	  
history	  of	  parRcle	  physics	  (e.g.	  CP	  violaRon	  poinRng	  the	  
way	  to	  the	  3rd	  generaRon)	  

–  And	  is	  quite	  clear	  today	  (e.g.	  constraints	  on	  SUSY	  
parameter	  space	  from	  branching	  fracRon	  of	  Bs	  →	  μ+μ−)	  

•  Many	  of	  the	  puzzles	  in	  the	  SM	  lie	  in	  the	  flavour	  realm:	  
–  CP	  violaRon	  (links	  to	  maaer-‐anRmaaer	  asymmetry	  of	  
universe	  and	  cosmology!)	  

–  Fermion	  mass	  hierarchy	  &	  number	  of	  generaRons	  
–  Values	  of	  CKM	  (and	  PMNS!)	  matrix	  parameters	  

•  B-‐physics	  is	  an	  excellent	  laboratory	  to	  study	  these	  with	  
great	  precision	  
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B	  physics	  is	  a	  worldwide	  effort	  
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The	  state	  of	  the	  art	  
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CKM	  mechanism	  

•  Standard	  Model	  
descripRon	  of	  quark	  
coupling	  to	  weak	  
interacRon	  

•  CPV	  arises	  due	  to	  complex	  
phase	  in	  the	  mixing	  matrix	  

•  Convenient	  representaRon	  
for	  b-‐hadron	  physics	  is	  the	  
Unitarity	  Triangle	  

•  Angles	  and	  side	  lengths	  can	  
be	  measured	  through	  
various	  B-‐decay	  processes	  
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Current	  status	  

•  CKM	  mechanism	  agrees	  
well	  with	  experiment	  

•  But	  sRll	  room	  for	  new	  
physics	  at	  ~10-‐20%	  level	  

•  Vital	  to	  measure	  CP	  
violaRng	  observables	  in	  
as	  many	  different	  decay	  
processes	  as	  possible	  

•  Look	  for	  disagreements	  
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Increasing	  precision	  
reveals	  the	  cracks?	  
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UT	  angle	  γ 
•  Least	  well	  determined	  Unitarity	  

Triangle	  angle:	  
–  BaBar:	  (69	  +17-‐16)°	  

[Phys.	  Rev.	  D	  87	  (2013)	  052015]	  
–  Belle:	  (68	  +15-‐14)°	  

[arXiv:1301.2033]	  
–  LHCb:	  (67	  ±	  12)°	  

[LHCb-‐CONF-‐2013-‐006]	  
•  Only	  angle	  that	  can	  be	  

measured	  in	  pure	  tree-‐level	  
processes	  
–  SM	  “standard	  candle”	  
–  TheoreRcally	  very	  clean	  

	  δγ/γ	  ≤	  O(10−7)	  [JHEP	  01	  (2014)	  051]	  
•  Need	  beaer	  precision	  
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Methodology	  

•  Measured	  through	  interference	  of	  two	  tree	  diagrams	  
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•  Hence	  D	  and	  D	  must	  decay	  to	  same	  final	  state	  
–  CP-‐eigenstate	  (e.g.	  K+K−):	  GLW	  method	  
–  Suppressed/favoured	  (e.g.	  K−π+	  or	  K3π):	  ADS	  method	  
–  MulR-‐body	  flavour-‐conjugate	  state	  (e.g.	  KSπ+π−):	  GGSZ	  method	  

23/07/2014 Alexis Vallier @ BEACH14 4

Time integrated measurements

● Interference between b→cus and b→ucs.

● D0 and D0 must decay to the same final state:

– Counting Analysis : ADS (D→Kπ), GLW (D→hh)

– Dalitz plot analysis: GGSZ

[PLB253(1991)483, 
PLB265(1991)172]
[PRL78(1997)3257, 
PRD63(2001)036005]

[PRL78(1997)3257; 
PRD68(2003)054018;
A. Bondar, Proceedings of 
BINP special analysis 
meeting on Dalitz analysis, 

2002, unpublished]

D meson phase space
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Figure 1: Binning schemes for (left) D ! K
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LHCb	  GGSZ	  Analysis	  
•  Need	  to	  know	  strong	  phase	  variaRon	  over	  DP	  

–  Can	  use	  a	  model,	  e.g.	  from	  BaBar	  [PRL	  105,	  081803	  (2010)]	  
–  Can	  use	  CLEO-‐c	  measurements	  in	  DP	  bins	  [PRD	  82,	  112006	  (2010)]	  

•  As	  first	  done	  by	  Belle	  [PRD	  85,	  112014	  (2012)]	  

•  Show	  LHCb	  results	  from	  laaer	  method	  using	  full	  Run1	  dataset	  (3|−1)	  
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•  N+	  =	  #	  of	  D	  from	  B+	  events	  in	  bin	  ±i	  
•  Fi	  =	  fracRon	  of	  pure	  D0	  events	  in	  bin	  i	  –	  determined	  

from	  B0	  → D*(D0π+)μ−ν	  LHCb	  data	  
•  c	  and	  s	  are	  average	  cosine	  and	  sine	  of	  strong	  phase	  

difference	  (δD)	  in	  bin	  i:	  CLEO-‐c	  inputs	  
•  x	  and	  y	  are	  real	  and	  imaginary	  part	  of	  amplitude	  raRo:	  

x±	  =	  rB	  cos(δB	  ±	  γ)	  
y±	  =	  rB	  sin(δB	  ±	  γ)	  

•  Simultaneous	  fit	  to	  B	  candidate	  invariant	  mass	  in	  all	  
bins	  of	  DP	  to	  determine	  x	  and	  y	  

arXiv:1408.2748	  



LHCb	  GGSZ	  Results	  
•  Fit	  to	  both	  KSππ	  and	  KSKK	  final	  

states	  yields:	  

•  Which	  gives	  the	  following	  results	  
for	  the	  physical	  parameters:	  

•  Single	  most	  precise	  	  
measurement	  of	  γ!	  
–  cf.	  (66.4	  +1.2-‐3.3)°	  from	  CKMfiaer	  

global	  fit	  (excluding	  direct	  
measurements)	  

•  Other	  LHCb	  analyses	  being	  
updated	  to	  full	  data	  sample	  –	  
expect	  new	  combinaRon	  soon	  

27/08/2014	   PANIC	  2014,	  Hamburg,	  25-‐29	  August	  2014	   13	  

)° (γ
0 100 200 300

Br

0.05

0.1

0.15

0.2

0.25

LHCb

)° (γ
0 100 200 300

)° ( Bδ

100

200

300
LHCb

Figure 12: The three-dimensional confidence volumes, corresponding to 19.9%, 73.9% and 97.1%
confidence levels, are projected onto the (�, r

B

) and (�, �
B

) planes. The confidence levels are
given by solid, dashed and dotted contours. The diamonds mark the central values.

strong-phase di↵erence between them, and � is an angle of the unitarity triangle. The
analysis is performed in bins of the D decay Dalitz plot, and existing measurements of the
CLEO-c experiment are used to provide input on the D decay strong-phase parameters
(c

i

, s

i

) [18]. Such an approach allows the analysis to be free from any model-dependent
assumptions on the strong-phase variation across the Dalitz plot. The following results
are obtained:

x+ = (�7.7± 2.4± 1.0± 0.4)⇥ 10�2
, x� = (2.5± 2.5± 1.0± 0.5)⇥ 10�2

,

y+ = (�2.2± 2.5± 0.4± 1.0)⇥ 10�2
, y� = (7.5± 2.9± 0.5± 1.4)⇥ 10�2

,

where the first uncertainties are statistical, the second are systematic and the third arise
from the experimental knowledge of the (c

i

, s

i

) parameters. The results are the most
precise values of these CP observables obtained from a single measurement.

From the above results, the following values of the underlying physics parameters are
derived: r

B

= 0.080+0.019
�0.021, � = (62+15

�14)
� and �

B

= (134+14
�15)

�. These values are consistent
with the world averages of results from previous measurements [20], but should not be
combined with the model-dependent measurements [15]. These values improve upon and
supersede the results from a previous model-independent measurement performed with
1.0 fb�1 of data collected by LHCb in 2011 [4].
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Bs	  mixing	  phase	  
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•  Neutral	  B	  mesons	  exhibit	  mixing	  through	  box	  diagram	  
•  Decays	  to	  CP	  eigenstates	  allow	  to	  probe	  the	  mixing	  

phase	  ϕs	  through	  interference	  
•  SM	  value	  is	  small	  ϕs	  ≈	  (−0.0363	  ±	  0.0016)	  rad	  
•  Many	  new	  physics	  models	  can	  enhance	  value	  

Bs	  

ϕ	  

J/ψ	  

Bs	  

ϕ	  

J/ψ	  

Bs	  +	  

2	  

φs ≈ −2βs = −2arg
−VtsVtb

*

VcsVcb
*

#

$
%

&

'
(



Bs	  →	  J/ψ	  ϕ	  
•  Experimentally	  clean	  
•  However,	  vector-‐vector	  

final	  state	  is	  admixture	  of	  
CP	  eigenstates	  

•  Requires	  an	  angular	  analysis	  
to	  disentangle	  CP-‐odd	  and	  
CP-‐even	  components	  
–  Angles	  ϕT,	  ϑT,	  ψT	  defined	  in	  

transversity	  basis	  
•  Signal	  model	  sum	  of	  terms	  

containing	  angular	  and	  Rme	  
dependence	  
–  SensiRvity	  to	  mixing	  phase	  

enters	  in	  sine	  and	  sinh	  terms	  
in	  Rme	  dependence	  

27/08/2014	   PANIC	  2014,	  Hamburg,	  25-‐29	  August	  2014	   15	  



Experimental	  
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•  Need	  to	  tag	  the	  flavour	  of	  the	  Bs	  at	  producRon	  
–  Can	  use	  flavour-‐specific	  decays	  of	  other	  b-‐hadron	  in	  event	  
–  Or	  use	  parRcles	  (e.g.	  charged	  kaons)	  associated	  with	  
hadronisaRon	  of	  signal	  Bs	  

Primary	  pp	  
Collision	  vertex	  

Decay	  of	  
b	  hadron	  

Decay	  of	  
b	  hadron	  

Decay	  Rme	  O(10−12)s	  



Experimental	  
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•  Also	  need	  to	  account	  for:	  
–  Efficiency	  as	  a	  funcRon	  of	  
angles	  and	  Rme	  

–  ResoluRon	  on	  angular	  and	  
Rme	  measurements	  

Primary	  pp	  
Collision	  vertex	  

Decay	  of	  
b	  hadron	  

Decay	  of	  
b	  hadron	  

Decay	  Rme	  O(10−12)s	  



ATLAS,	  CMS	  &	  LHCb	  results	  
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[arXiv:1407.1796]	  

[Phys.	  Rev.	  D	  87,	  112010	  (2013)]	  

•  ATLAS	  and	  CMS	  results	  from	  Bs	  decay	  
to	  J/ψ	  ϕ	  

•  LHCb	  result	  shown	  is	  combinaRon	  of	  
J/ψ	  K+	  K−	  and	  J/ψ	  π+	  π−	  channels	  

•  LHCb	  also	  have	  recent	  update	  of	  J/ψ	  
π+	  π−	  with	  full	  Run	  1	  sample	  of	  3|−1	  

ϕs	  =	  70	  ±	  68	  ±	  8	  mrad	  
•  Single	  most	  precise	  measurement!	  

[Phys.	  Lea.	  B736	  (2014)	  186]	  

[CMS-‐PAS-‐BPH-‐13-‐012]	  

LHCb	  
1	  |−1	  

ATLAS	  
4.9	  |−1	  

CMS	  
20	  |−1	  



World	  Average	  
•  Official	  HFAG	  average	  (top	  

plot)	  contains	  preliminary	  
ATLAS	  result	  and	  does	  not	  yet	  
include	  CMS	  result	  or	  LHCb	  
update	  of	  J/ψ	  π+	  π−	  

•  Boaom	  plot	  shows	  how	  these	  
results	  are	  likely	  to	  improve	  
the	  situaRon	  

•  Everything	  sRll	  looks	  
consistent	  with	  SM	  
expectaRons	  

•  Look	  forward	  to	  increasing	  
precision	  from	  LHC	  
experiments	  in	  the	  near	  future	  
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[Kristof	  De	  Bruyn	  @	  BEACH	  2014]	  



Vub/Vcb	  

•  Some	  persistent	  puzzles	  
in	  semi-‐leptonic	  B	  
decays	  
–  Poor	  consistency	  
between	  values	  of	  Vxb	  
measured	  in	  inclusive	  
and	  exclusive	  decays	  

– Measurements	  of	  
exclusive	  semi-‐leptonic	  B	  
to	  charm	  decays	  are	  well	  
short	  of	  inclusive	  rate	  

Introduction and motivation

Event selection

Fit

Results

Summary and outlook

Why looking for B ! D(⇤)⇡+⇡�`⌫ signal?

The ”gap problem” (current status)

charm state X

c

B(B ! X

c

`⌫)
D (2.29 ± 0.09)%
D

⇤ (5.43 ± 0.17)%P
D

(⇤) (7.71 ± 0.19)%
D

⇤
0 ! D⇡ (0.41 ± 0.08)%

D

⇤
1 ! D

⇤⇡ (0.45 ± 0.09)%
D1 ! D

⇤⇡ (0.43 ± 0.03)%

D

⇤
2 ! D

(⇤)⇡ (0.41 ± 0.03)%P
D

⇤⇤ ! D

(⇤)⇡ (1.70 ± 0.12)%
D⇡ (0.66 ± 0.08)%
D

⇤⇡ (0.87 ± 0.10)%P
D

(⇤)⇡ (1.53 ± 0.13)%
P

D

(⇤) +
P

D

⇤⇤ ! D

(⇤)⇡ (9.41 ± 0.22)%P
D

(⇤) +
P

D

(⇤)⇡ (9.24 ± 0.23)%

inclusive X

c

(10.98 ± 0.14)%
Adopted from Sascha Turczyk

at CKM 2012 Workshop

gap inclusive-exclusive: (1.57 ± 0.26)%

BABAR measured 1:
R(D(⇤)) = B(B !
D(⇤)⌧⌫)/B(B ! D(⇤)`⌫)

deviation of ⇡ 3� from
Standard Model
prediction observed
B ! D(⇤)⇡⇡`⌫ is
possible background

Belle and LHCb 2 observed
D0

1 ! D0⇡+⇡� decay
(D0

1 ! D⇤+⇡� excluded) in
hadronic BB events

1
Phys. Rev. Lett. 109, 101802 (2012)

2
Phys. Rev. Lett. 94, 221805 (2005) and Phys. Rev. D 84, 092001 (2011), respectively 3 / 14
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inclusive	  −	  exclusive:	  (1.57	  ±	  0.26)%	  

Adapted	  from	  Sascha	  Turczyk	  
at	  CKM	  2012	  Workshop	  



B	  →	  D(*)	  τ	  ν	  
•  Measure	  raRos:	  

•  BaBar	  sees	  deviaRon	  of	  3.4σ	  from	  SM	  
predicRons	  

•  Including	  Belle	  results	  takes	  this	  up	  to	  
4.8σ	  
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Table 3: Signal and normalization yields, the ratio of their efficiencies, R(D(∗)), branching fractions, and total
significance Σtot for the isospin-unconstrained and constrained fits.

Decay Nsig Nnorm R(D(∗)) B(B → D(∗)τν) (%) Σtot(σ)
Dτ−ντ 489 ± 63 2981 ± 65 0.440 ± 0.058 ± 0.042 1.02 ± 0.13 ± 0.11 6.8
D∗τ−ντ 888 ± 63 11953 ± 122 0.332 ± 0.024 ± 0.018 1.76 ± 0.13 ± 0.12 13.2

Table 4: Summary of the uncertainties and correlations on R(D) and R(D∗).

Source
Uncertainty (%)
R(D) R(D∗) ρ

D∗∗ℓν background 5.8 3.7 0.62
MC statistics 5.0 2.5 -0.48
Cont. and BB bkg. 4.9 2.7 -0.30
εsig/εnorm 2.6 1.6 0.22

Systematic uncertainty 9.5 5.3 0.05
Statistical uncertainty 13.1 7.1 -0.45

Total uncertainty 16.2 9.0 -0.27

2

! First 5σ observation of B→Dτν
! Agreement with previous measurements    

R(D)
0.2 0.4 0.6 0.8

BaBar 2008
 0.13±0.42 

Belle 2009
 0.16±0.59 

Belle 2010
 0.11±0.35 

BaBar 2012
 0.072±0.440 

SM Aver.

R(D*)
0.3 0.4 0.5 0.6

Belle 2007
 0.12±0.44 

BaBar 2008
 0.06±0.30 

Belle 2009
 0.10±0.47 

Belle 2010
 0.08±0.43 

BaBar 2012
 0.030±0.332 

SM Aver.

232M BB

657M BB

535M BB

471M BB

657M BB

PRL	  109,	  101802	  (2012)	  
PRD	  88,	  072012	  (2013)	  

hep-‐ex/0910.4301	  
PRD	  82,	  072005	  (2010)	  

R D(∗)( ) =
BF B→D(∗)τ −ντ( )
BF B→D(∗)l−ν l( )

=
Nsig

Nnorm

×
εnorm
εsig

BaBar	  2012	  not	  included	  in	  average	  shown	  



B	  →	  D(*)	  τ	  ν	  
•  Results	  are	  also	  incompaRble	  (at	  

3.1σ)	  with	  Type-‐II	  2	  Higgs	  Doublet	  
Models	  of	  charged	  Higgs	  
–  R(D)	  and	  R(D*)	  not	  in	  agreement	  in	  

such	  models	  
–  Can	  be	  accommodated	  within	  

Type-‐III	  2HDM	  
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PRL	  109,	  101802	  (2012)	  
PRD	  88,	  072012	  (2013)	  

hep-‐ex/0910.4301	  
PRD	  82,	  072005	  (2010)	  
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εsig/εnorm is the ratio of their efficiencies derived from366

simulations. Table I shows the results of the fits for the367

four individual samples as well as an additional fit in368

which we impose the isospin relationsR(D0) = R(D+) ≡369

R(D) and R(D∗0) = R(D∗+) ≡ R(D∗). The statistical370

correlations are −0.59 for R(D0) and R(D∗0), −0.23 for371

R(D+) and R(D∗+), and −0.45 for R(D) and R(D∗).372

We have verified that the values of R(D(∗)) from fits to373

samples corresponding to different run periods are con-374

sistent. We repeated the analysis varying the selection375

criteria over a wide range, corresponding to changes in376

the signal-to-background ratios between 0.3 and 1.3, and377

also arrive at consistent values of R(D(∗)).378

The largest systematic uncertainty affecting the fit re-379

sults is due to the poorly understood B → D∗∗(ℓ/τ)ν380

background. The PDFs that describe this contribution381

are impacted by the uncertainty on the branching frac-382

tions of the four B → D∗∗ℓν decays, the relative π0/π±
383

efficiency, and the branching fraction ratio of B → D∗∗τν384

to B → D∗∗ℓν decays. These effects contribute to an385

uncertainty of 2.1% on R(D) and 1.8% on R(D∗). We386

also repeated the fit including an additional floating com-387

ponent with the distributions of B → D(∗)ηℓν, non-388

resonant B → D(∗)π(π)ℓν, and B → D∗∗(→ D(∗)ππ)ℓν389

decays. The B → D∗∗(ℓ/τ)ν background is tightly con-390

strained by the D(∗)π0ℓ samples, and, as a result, all391

these fits yield similar values for R(D(∗)). We assign the392

observed variation as a systematic uncertainty, 2.1% for393

R(D) and 2.6% for R(D∗).394

We also account for the impact of the uncertainties395

described above on the relative efficiency of the B →396

D∗∗(ℓ/τ)ν contributions to the signal and D(∗)π0ℓ sam-397

ples. In addition, the BDT selection introduces an un-398

certainty that we estimate as 100% of the efficiency cor-399

rection that we determined from control samples. These400

effects result in uncertainties of 5.0% and 2.0% on R(D)401

and R(D∗), respectively.402

The largest remaining uncertainties are due to the con-403

tinuum and BB backgrounds (4.9% on R(D) and 2.7%404

on R(D∗)), and the PDFs for the signal and normaliza-405

tion decays (4.3% and 2.1%). The uncertainties in the ef-406

ficiency ratios εsig/εnorm are 2.6% and 1.6%; they do not407

affect the significance of the signal and are dominated by408

the limited size of the MC samples. Uncertainties due409

to the FFs, particle identification, final-state radiation,410

soft-pion reconstruction, and others related to the detec-411

tor performance largely cancel in the ratio, contributing412

only about 1%. The individual systematic uncertainties413

are added in quadrature to define the total systematic414

uncertainty, reported in Table I.415

There is a positive correlation between some of the416

systematic uncertainties on R(D) and R(D∗), and, as a417

result the correlation of the total uncertainties is reduced418

to −0.48 forR(D0) andR(D∗0), to −0.15 forR(D+) and419

R(D∗+), and to −0.27 for R(D) and R(D∗).420

The statistical significance of the signal is determined421
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0.8

0 0.2 0.4 0.6 0.8 1
0.2
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R
(D

)
R
(D

∗
)

tanβ/mH+ (GeV−1)

FIG. 2. (Color online) Comparison of the results of this anal-
ysis (light grey, blue) with predictions that include a charged
Higgs boson of type II 2HDM (dark grey, red). The SM cor-
responds to tanβ/mH+ = 0.

as Σstat =
√

2∆(lnL), where ∆(lnL) is the change in422

the log-likelihood between the nominal fit and the no-423

signal hypothesis. The statistical and dominant system-424

atic uncertainties are Gaussian. The overall significance425

is determined by scaling the statistical significance with426

the total uncertainty, Σtot = Σstat×σstat/
√

σ2
stat + σ∗2

syst.427

Here, σstat is the statistical uncertainty and σ∗
syst is the428

total systematic uncertainty affecting the fit. The signif-429

icance of the B → Dτ−ντ signal is 6.8σ, the first such430

measurement exceeding 5σ.431

To compare the measured R(D(∗)) with the SM pre-432

dictions we have updated the calculations in Refs. [8, 31]433

taking into account recent FF measurements. Averaged434

over electrons and muons, we find R(D)SM = 0.297 ±435

0.017 and R(D∗)SM = 0.252±0.003. At this level of pre-436

cision, additional uncertainties could contribute [8], but437

the experimental uncertainties are expected to dominate.438

Our measurements exceed the SM predictions for439

R(D) and R(D∗) by 2.0σ and 2.7σ, respectively. The440

combination of these results, including their −0.27 cor-441

relation, yields χ2 = 14.6 for two degrees of freedom,442

corresponding to a p-value of 6.9× 10−4. Thus, the pos-443

sibility of both the measured R(D) and R(D∗) agreeing444

with the SM predictions is excluded at the 3.4σ level [32].445

Figure 2 shows the effect that a charged Higgs boson446

of the type II 2HDM [7, 33] would have on R(D) and447

R(D∗) in terms of the ratio of the vacuum expectation448

values tanβ ≡ v2/v1, and the mass of the charged Higgs449

mH+ . We estimate the effect of the 2HDM on our mea-450

surements by re-weighting the simulated events at the451

matrix element level for 20 values of tanβ/mH+ over the452

[0.05, 1]GeV−1 range. We then repeat the fit with up-453

dated PDF shapes and εsig/εnorm values. The increase454

in the uncertainty on the PDFs and the efficiency ra-455

2HDM

R(D)0.2 0.4 0.6

R
(D

*)

0.3

0.4

SM

! 1
! 2
! 3
! 4
! 5
! 6

Figure 1: Values of R(D(∗)) and its total uncertainties.

Table 1: Previous measurements of B → D(∗)τ−ντ . Σ is the total significance of the signal yield. Belle 2007 and
2010 measured B(B → D(∗)τ−ντ ) instead of R(D(∗)), so B(B → D(∗)ℓ−ντ ) values found in ? were used to calculate
R(D(∗)).

Belle, 2007 BABAR, 2008 Belle, 2010

535M BB pairs 232M BB pairs 657M BB pairs

Mode Events Σ(σ) Events Σ(σ) Events Σ(σ)

B → Dτ−ντ — — 67± 19 3.6 146± 42 3.5

B → D∗τ−ντ 60± 12 5.2 101± 19 6.2 446± 57 8.1

R(D) =

{

0.440± 0.072 BABAR

0.297± 0.017 SM
(1)

R(D∗) =

{

0.332± 0.030 BABAR

0.252± 0.003 SM
(2)

0.44± 0.02 GeV�1

tan�/mH+ =

0.75± 0.04 GeV�1

tan�/mH+ =

R(D)0.2 0.4 0.6

R(
D

*)

0.3

0.4

SM

! 1
! 2
! 3
! 4
! 5
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Figure 1: Values of R(D(∗)) and its total uncertainties.

Table 1: Previous measurements of B → D(∗)τ−ντ . Σ is the total significance of the signal yield. Belle 2007 and
2010 measured B(B → D(∗)τ−ντ ) instead of R(D(∗)), so B(B → D(∗)ℓ−ντ ) values found in ? were used to calculate
R(D(∗)).

Belle, 2007 BABAR, 2008 Belle, 2010

535M BB pairs 232M BB pairs 657M BB pairs

Mode Events Σ(σ) Events Σ(σ) Events Σ(σ)

B → Dτ−ντ — — 67± 19 3.6 146± 42 3.5

B → D∗τ−ντ 60± 12 5.2 101± 19 6.2 446± 57 8.1

R(D(∗)) =
B(B → D(∗)τ−ντ )

B(B → D(∗)ℓ−νℓ)
=

Nsig

Nnorm
×

εnorm
εsig

(1)

R(D) =

{

0.440± 0.072 BABAR

0.297± 0.017 SM
(2)

R(D∗) =

{

0.332± 0.030 BABAR

0.252± 0.003 SM
(3)

•  BaBar	  results	  can	  be	  improved	  
with	  addiRonal	  decay	  modes/tags	  

•  Final	  results	  from	  full	  Belle	  
dataset	  awaited	  with	  much	  
anRcipaRon!	  

BaBar	  and	  Belle	  
results	  for	  B	  →	  τ	  ν	  also	  

favour	  different	  regions!	  



B	  →	  D(*)π±(π∓)lν	  

•  Largest	  uncertainty	  in	  	  	  
B	  →	  D(*)	  τ	  ν	  analysis	  is	  
from	  D**	  backgrounds	  

•  Good	  to	  have	  (beaer)	  
measurements	  of	  these	  

•  Can	  hopefully	  also	  help	  
with	  “gap”	  in	  inclusive-‐
exclusive	  BFs	  

•  Use	  full	  reconstrucRon	  
of	  “tag”	  B	  to	  constrain	  
kinemaRcs	  of	  signal	  B	  
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SystemaRc	  uncertainRes	  in	  B	  -‐>	  D(*)	  τ	  ν	  



B	  →	  D(*)π±(π∓)lν	  Results	  
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B	  →	  D(*)π±(π∓)lν	  
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•  First	  measurements	  of	  B	  →	  D(*)π+π−lν	  decays	  
– Dπ+π−lν:	  combined	  significance	  =	  5.1σ	  
– D*π+π−lν:	  combined	  significance	  =	  3.5σ	  	  

•  Results	  for	  B	  →	  D(*)π±lν	  decays	  are	  more	  
precise	  than	  previous	  measurements	  

•  The	  inclusive−exclusive	  gap	  is	  reduced	  by	  
~60%	  (significance	  drops	  from	  ~7σ	  to	  ~3σ)	  

•  Should	  help	  to	  reduce	  systemaRc	  
uncertainRes	  on	  future	  B	  →	  D(*)τν	  analyses	  



b	  →	  s	  l+	  l−	  

•  Such	  rare	  decays	  proceed	  through	  penguin	  and	  box	  diagrams	  in	  SM	  
•  Wilson	  coefficients	  encode	  strength	  of	  short-‐distance	  interacRons:	  

•  Many	  New	  Physics	  models	  predict	  addiRonal	  contribuRons	  to	  decay	  
amplitude	  at	  similar	  level	  to	  SM	  

•  Observables	  (branching	  fracRons,	  angular	  moments,	  CP	  
asymmetries,	  etc.)	  depend	  on	  q2	  (4-‐momentum	  transferred	  to	  
dimuon	  system)	  
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•  C7:	  EM	  (b	  →	  sγ,	  b	  →	  sll)	  
•  C9:	  semi-‐leptonic	  vector	  

(b	  →	  sll)	  
•  C10:	  s-‐l	  axial	  vector	  	  	  	  	  	  	  

(b	  →	  sll,	  B0s	  →	  μ+μ−)	  



Inclusive	  B	  →	  Xs	  l+	  l−	  
•  Belle	  have	  made	  first	  

measurement	  of	  forward-‐
backward	  asymmetry	  for	  
inclusive	  B	  →	  Xs	  l+	  l−	  

•  Use	  sum	  of	  10	  exclusive	  
final	  states	  (both	  B0	  and	  B+)	  

•  Data	  sample	  of	  772	  ×	  106	  B	  
meson	  pairs	  

•  AFB	  <	  0	  excluded	  at	  2.3σ	  in	  
region	  above	  10.2	  (GeV/c)2	  

•  DeviaRon	  from	  SM	  of	  1.8σ	  
in	  first	  bin	  (<	  4.3	  (GeV/c)2)	  
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arXiv:1402.7134	  

Red	  band	  is	  SM	  predicRon	  



B0	  →	  K*0μ+μ−	  
•  LHCb	  now	  making	  high	  

precision	  measurements	  in	  
this	  sector	  

•  A	  few	  anomalies	  starRng	  to	  
appear	  

•  Analysis	  of	  “opRmised”	  
angular	  observables	  [JHEP	  
1204	  (2012)	  104]	  using	  1|−1	  
data	  sample	  

•  Large	  (3.7σ)	  local	  deviaRon	  
found	  in	  one	  bin	  of	  P5’	  
–  Global	  p-‐value	  is	  0.5%	  

3. B0 ! K⇤0µ+µ� 6/15

B0! K ⇤0µ+µ� angular results [arXiv:1308.1707]

Last summer re-analysed B0 ! K ⇤0µ+µ� data and publish several
“optimised“ observables [arXiv:1202.4266] with 1 fb�1.

Large local deviation found in one bin of the observable P 0
5.

B0→K*0µµ : interpretation 

4"

•  Global fits → 2-4σ tension 

•  Views from the theory community: 
–  P5’ tension correlated with other 

(smaller) tensions and NP 
explanation consistent with all 
measurements is possible [1,2] 

–  Theory errors underestimated, 
tension is reduced [3] 

•  Difficult to explain with SUSY [1] 

•  Consistent with a Z’ with mass        
~ 7 TeV (!)   [4] 

→ Measure other B→Kµµ decays! 

"[arXiv:1310.3887]"

]4c/2 [GeV2q
0 5 10 15 20

' 5
P

-1

0

1

SM arXiv:1303.5794

SM arXiv:1212.2263
-1LHCb 1fb

[1]"Altmannshofer"et"al.,"arXiv:1308.1501;"[2]"DescotesAGenon"et"al.,"Phys."Rev."D"88,"074002"(2013),"Horgan"
et"al.,"arXiv:1310.3887;"[3]"Beaujean"et"al.,"arXiv:1310.2478,"Jaeger"et"al.,"arXiv:1212.2263;"[4]"Gauld"et"al.,"
JHEP"1401"(2014)"069,"Buras"et"al.,"arXiv:1311.6729"

1 fb�1

Residual form factor uncertainties a hot topic among theory
community.
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•  UncertainRes	  on	  residual	  form	  
factor	  dependence	  a	  hot	  topic	  in	  
theory	  community	  

Phys.	  Rev.	  Lea.	  111,	  191801	  



B0	  →	  K*0μ+μ−	  
•  Global	  fits	  suggest	  reduced	  

value	  of	  C9	  coefficient	  
(e.g.	  [Phys.Rev.	  D88	  (2013)	  074002],	  
[Eur.Phys.J.	  C73	  (2013)	  2646]	  and	  [Eur.Phys.J.	  
C74	  (2014)	  2897])	  	  

•  If	  so,	  would	  expect	  BFs	  to	  
also	  be	  low	  

•  LHCb	  has	  measured	  BFs	  for	  
B	  →	  K(*)μ+μ−	  &	  Bs	  →	  ϕμ+μ−	  

•  Indeed	  they	  are	  low	  wrt	  
predicRons	  from	  La�ce	  
(arXiv:1310.3207	  [hep-‐ph],	  
Phys.Rev.Lea.	  112	  (2014)	  212003)	  
and	  LCSR	  (JHEP	  1201	  (2012)	  107,	  
JHEP	  1107	  (2011)	  067)	  

3. B0 ! K⇤0µ+µ� 7/15

Early interpretation

Global fits to data suggest reduced value of C9 (e.g.
[arXiv:1307.5683],[arXiv:1308.1501] and [arXiv:1310.2478]).

Patrick Koppenburg Physics News Tuesday Meeting, 15/07/2014 [15/1]

Could be explained with a Z’
particle (e.g. [arXiv:1310.1082]).

BEACH 2014 Patrick Owen Electroweak penguin decays at LHCb
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[Phys.Rev.	  D88	  (2013)	  074002]	  

JHEP	  1308	  (2013)	  131	  
JHEP	  1307	  (2013)	  084	  
JHEP	  1406	  (2014)	  133	  



B+	  →	  K+l+l−	  
•  Possible	  explanaRon	  for	  low	  

C9	  from	  Z’	  parRcle	  (e.g.	  [arXiv:
1310.1082])	  

•  Some	  Z’	  models	  favour	  
muon	  coupling	  over	  
electron	  (e.g.	  [arXiv:1403.1269])	  	  

•  Predict	  BF(B+	  →	  K+μ+μ−)	  
lower	  than	  BF(B+	  →	  K+e+e−)	  

•  LHCb	  has	  preliminary	  
measurement	  of	  raRo	  using	  
full	  Run1	  sample	  of	  3|−1	  

•  Deviates	  from	  SM	  (unity)	  by	  
2.6σ	  
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•  Much	  sRll	  to	  be	  understood	  
however!	  

•  Importance	  of	  cc	  resonances	  at	  
high	  q2	  

•  Update	  measurements	  with	  full	  
data	  sample	  

•  Look	  at	  other	  modes,	  e.g.	  Λb	  →	  
Λμ+μ−	  and	  B+	  →	  K+π+π−l+l−	  

arXiv:1406.6482	  

RK =
BF(B+ → K +µ+µ− )
BF(B+ → K +e+e− )

= 0.745−0.074
+0.090 ± 0.036



Dimuon	  charge	  asymmetry	  
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•  CP	  violaRon	  in	  mixing	  =>	  	  
•  Asymmetry	  is	  combinaRon	  of	  semi-‐leptonic	  charge	  asymmetries	  of	  Bd0	  and	  Bs0	  

•  Corrected	  for	  backgrounds	  –	  use	  single	  muon	  asymmetry	  to	  help	  reduce	  
systemaRc	  uncertainRes	  

•  Also	  correct	  for	  CP	  violaRon	  from	  interference	  between	  mixing	  and	  decay	  

B0d,s	  

B0d,s	  
Mixing	  followed	  by	  
semi-‐leptonic	  decay	  

B0d,s	  

X	  

X	  

μ−	  

μ−	  
Direct	  semi-‐	  
leptonic	  decay	  

Γ B(s)
0 → B(s)

0 → µ−X( ) ≠ Γ B(s)
0 → B(s)

0 → µ+X( )

Asl =
N µ+µ+( )− N µ−µ−( )
N µ+µ+( )+ N µ−µ−( )

=Cdasl
d +Csasl

s +C ΔΓd

Γd

asl
q =

Γ B→ µ+X( )−Γ B→ µ−X( )
Γ B→ µ+X( )+Γ B→ µ−X( )

Phys.	  Rev.	  D	  89,	  012002	  (2014)	  



Dimuon	  charge	  asymmetry	  
•  D0	  find:	  
	  
•  cf.	  SM	  predicRon:	  

•  InterpretaRon	  in	  terms	  of	  adsl	  and	  assl	  
depends	  strongly	  on	  value	  of	  ΔΓd/Γd	  

•  Plots	  shows	  contours	  for	  two	  
scenarios:	  

–  ΔΓd/Γd	  fixed	  to	  SM	  expectaRon	  
–  ΔΓd/Γd	  fixed	  to	  world	  average	  

experimental	  value	  
•  Discrepancy	  with	  SM	  point	  is	  3.4σ	  or	  

1.9σ,	  respecRvely	  
•  Allowing	  ΔΓd/Γd	  to	  float	  results	  in	  3.0σ	  

deviaRon	  
•  Important	  to	  improve	  the	  precision	  of	  

ΔΓd/Γd	  in	  the	  future	  
–  Recent	  measurement	  from	  LHCb:	  

−0.044	  ±	  0.025	  ±	  0.011	  	  	  [JHEP	  1404	  (2014)	  114]	  
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Asl = −0.496± 0.153± 0.072( )×10−2

Asl
SM = −0.023± 0.004( )×10−2

The χ2ðIPÞ of the difference between the measured residual
asymmetries and the SM expectation is

χ2ðIPÞ=d:o:f: ¼ 31:0=9; (87)

pðSMÞ ¼ 3 × 10−4: (88)

This result corresponds to 3.6 standard deviations from
the SM expectation. The p value of the hypothesis that
the aCP and ACP asymmetries in all IP samples are equal
to zero is

pðCPV ¼ 0Þ ¼ 3 × 10−5; (89)

which corresponds to 4.1 standard deviations.
If we assume that the observed asymmetries aCP and

ACP are due to the CP violation in the mixing, the
results in different IP samples can be used to measure
the semileptonic charge asymmetries adsl and assl. Their
contribution to the asymmetries aCP and ACP, deter-
mined by the coefficients Cd and Cs, varies considerably
in different IP samples. Performing this measurement
we assume that the contribution of the CP violation
in the interference of decay amplitudes with and without
mixing, given by Eq. (69), corresponds to the SM
expectation presented in Table XVI. In particular, the
value of ΔΓd=Γd is set to its SM expectation given
in Eq. (78). We obtain

adsl ¼ ð−0.62$ 0.42Þ × 10−2; (90)

assl ¼ ð−0.86$ 0.74Þ × 10−2: (91)

χ2=d:o:f: ¼ 10:1=7. (92)

The correlation between the fitted parameters adsl and assl
is

ρd;s ¼ −0.79: (93)

The difference between these adsl and assl values and the
combined SM expectation (62) corresponds to 3.4 stan-
dard deviations.
The like-sign dimuon charge asymmetry depends on the

value of ΔΓd=Γd; see Eqs. (56), (58), and (67–69). By fix-
ing the values of φ12

d and assl to their SM expectations ϕ12
d ¼

−0.075$ 0.024 and assl ¼ ðþ1.9$ 0.3Þ × 10−5 [9], we
can extract the value of ΔΓd=Γd from our measurements
of aCP and ACP in different IP samples. We obtain

ΔΓd=Γd ¼ ðþ2.63$ 0.66Þ × 10−2; (94)

χ2=d:o:f: ¼ 13:8=8. (95)

This result differs from the SM expectation (55) by 3.3
standard deviations. The values of φ12

d and ΔΓd=Γd deter-
mine the value of adsl; see Eq. (58).
Finally, we can interpret our results as the measurement

of adsl, a
s
sl, and ΔΓd=Γd, allowing all these quantities to vary

in the fit. We obtain

adsl ¼ ð−0.62$ 0.43Þ × 10−2; (96)

assl ¼ ð−0.82$ 0.99Þ × 10−2; (97)

ΔΓd

Γd
¼ ðþ0.50$ 1.38Þ × 10−2; (98)

χ2=d.o.f ¼ 10:1=6. (99)

The correlations between the fitted parameters are

ρd;s ¼ −0.61; ρd;ΔΓ ¼ −0.03; ρs;ΔΓ ¼ þ0.66:
(100)

This result differs from the combined SM expectation for
adsl, a

s
sl, and ΔΓd=Γd by 3.0 standard deviations.

Figure 21 shows the 68% and 95% confidence level
contours in the adsl-a

s
sl plane obtained from the refit of
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DØ Bs→µ+D-
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a
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FIG. 21 (color online). The 68% and 95% confidence level con-
tours in the adsl-a

s
sl plane obtained from the fit of the inclusive

single muon and like-sign dimuon asymmetries with fixed value
of ΔΓd=Γd ¼ 0.0042 corresponding to the expected SM value
(78), which has an uncertainty $0.0008. The independent mea-
surements of adsl [29] and a

s
sl [30] by the D0 collaboration are also

shown. The error bands represent $1 standard deviation uncer-
tainties of these measurements.
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the inclusive single muon and like-sign dimuon asymme-
tries with a fixed value of ΔΓd=Γd ¼ 0.0042 corresponding
to the expected SM value (78). The same plot also shows
two bands of the independent measurements of adsl and assl
by the D0 collaboration [29,30]. Figure 22 presents the
result of the fit of the inclusive single muon and like-sign
dimuon asymmetries with a fixed value of ΔΓd=Γd ¼
0.0150 corresponding to the experimental world average
value (79). These two plots show that if the currently impre-
cise experimental value of ΔΓd=Γd is used instead of the
SM prediction the values of adsl and assl become consistent
with the SM expectation within two standard deviations.
This observation demonstrates the importance for indepen-
dent measurements of ΔΓd=Γd, which have not been a high
priority of experimentalists before [33].
The combination of the measurements of the semilep-

tonic charge asymmetries adsl [29] and assl [30] by the
D0 collaboration with the present analysis of the inclusive
single muon and like-sign dimuon charge asymmetries
gives

adsl ¼ ð−0.09# 0.29Þ × 10−2; (101)

assl ¼ ð−1.33# 0.58Þ × 10−2; (102)

ΔΓd

Γd
¼ ðþ0.79# 1.15Þ × 10−2; (103)

χ2=d.o.f. ¼ 4.4=2. (104)

The correlations between the fitted parameters are

ρd;s ¼ −0.34; ρd;ΔΓ ¼ þ0.24; ρs;ΔΓ ¼ þ0.55:
(105)

In this combination we treat all D0 measurements as sta-
tistically independent. This result differs from the com-
bined SM expectation for adsl, assl, and ΔΓd=Γd by 3.1
standard deviations. Currently, these are the most precise
measurements of adsl, assl, and ΔΓd=Γd by a single
experiment.
Figure 23 shows the 68% and 95% confidence level con-

tours in the adsl-a
s
sl plane representing the profile of the

results given by Eqs. (96)–(100) at the best fit value of
ΔΓd=Γd ¼ 0.0050 corresponding to Eq. (98). The same
figure shows the 68% and 95% confidence level contours
in the adsl-a

s
sl plane representing the profile of the results

obtained by the combination of all D0 measurements
and given by Eqs. (101)–(105) at the best fit value of
ΔΓd=Γd ¼ 0.0079 corresponding to Eq. (103).
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FIG. 22 (color online). The 68% and 95% confidence level con-
tours in the adsl-a

s
sl plane obtained from the fit of the inclusive

single muon and like-sign dimuon asymmetries with fixed value
of ΔΓd=Γd ¼ 0.0150 corresponding to the experimental world
average value (79), which has an uncertainty #0.0180. The inde-
pendent measurements of adsl [29] and a

s
sl [30] by the D0 collabo-

ration are also shown. The error bands represent #1 standard
deviation uncertainties of these measurements.

a
s sl
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FIG. 23 (color online). The 68% (full line) and 95% (dashed
line) confidence level contours in the adsl-a

s
sl plane representing

the profile of the results given by Eqs. (96)–(100) at the best
fit value of ΔΓd=Γd ¼ 0.0050 corresponding to Eq. (98). The
contours with filled area show the 68% and 95% confidence level
contours in the adsl-a

s
sl plane representing the profile of the results

obtained by the combination of all D0 measurements and given
by Eqs. (101)–(105) at the best fit value of ΔΓd=Γd ¼ 0.0079
corresponding to Eq. (103). The independent measurements of
adsl [29] and assl [30] by the D0 collaboration are also shown.
The error bands represent #1 standard deviation uncertainties
of these measurements.
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Large	  ACP	  in	  charmless	  B	  decays	  

•  LHCb	  analysis	  of	  B±	  →	  h+h−h'	  ±	  decays	  using	  full	  
Run1	  data	  sample	  

•  CP	  asymmetries	  seen	  in	  inclusive	  measurements	  

•  Asymmetries	  in	  some	  regions	  of	  the	  phase	  space	  
are	  even	  more	  pronounced	  	  
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23/07/2014 Charmless B Decays at LHCb - BEACH 11

Inclusive asymmetry results

2.8σ

4.3σ

4.2σ

5.6σ

Preliminary

● These supersede previous LHCb results.

LHCb-‐PAPER-‐2014-‐044	  



Large	  ACP	  in	  charmless	  B	  decays	  
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Figure 3: (colour online) Measured AN

raw

in Dalitz plot bins of background-subtracted and
acceptance-corrected events for (a) B± ! K±K+K�, (b) B± ! K±⇡+⇡�, (c) B± ! ⇡±⇡+⇡�

and (d) B± ! ⇡±K+K� decays.

between the momenta of the unpaired hadron and the resonance decay product with the302

same-sign charge. Figure 6 shows the projection onto the low K+K� invariant mass for303

the B± ! K±K+K� channel, while Fig. 7 shows the projection into m(K+K�) for the304

B± ! ⇡±K+K� mode.305

The dynamic origin of the CP asymmetries seen in Fig. 3 can only be fully understood306

with an amplitude analysis of these channels. Nevertheless, the projections presented in307

Figs. 4, 5, 6 and 7 indicate two di↵erent sources of CP violation. The first one may be308

associated with the ⇡+⇡� $ K+K� rescattering strong-phase di↵erence in the region309

around 1.0 to 1.5GeV/c2 [7, 8]. In this region, there are more B� than B+ decays into310

final states including a ⇡+⇡� pair (positive CP asymmetry) and more B+ than B� into311

final states that include a K+K� pair (negative CP asymmetry). The second source of312

CP violation, observed in both B± ! K±⇡+⇡� and B± ! ⇡±⇡+⇡� decays around the313

⇢(770) mass region, can be attributed to the final-state interference between the S-wave314

and P-wave in the Dalitz plot.315

11
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Preliminary	   Preliminary	  

Preliminary	   Preliminary	  

Large	  posiRve	  asymmetries	  at	  low	  m2
ππ	  

Large	  negaRve	  asymmetries	  at	  low	  m2
KK	  

LHCb-‐PAPER-‐2014-‐044	  

B+	  →	  K+K+K−	  

B+	  →	  K+π+π−	  

B+	  →	  π+K+K−	  

B+	  →	  π+π+π−	  



Large	  ACP	  in	  charmless	  B	  decays	  
•  Larger	  data	  samples	  allow	  more	  detail	  to	  be	  extracted	  than	  previous	  analyses:	  
•  Want	  to	  understand	  the	  origin	  of	  the	  strong-‐phase	  difference	  
•  Examine	  dependence	  of	  asymmetry	  as	  funcRon	  of	  invariant	  mass	  and	  helicity	  angle	  in	  regions	  

around	  resonances,	  e.g.	  for	  π+π+π−	  
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Figure 4: Projections in bins of the m(⇡+⇡�)
low

variable of (a, b) the number of B� and B+

signal events and (c, d) their di↵erence for B± ! ⇡±⇡+⇡� decays. The plots are restricted to
events with (a, c) cos ✓ < 0 and (b, d) cos ✓ > 0, with cos ✓ defined in the text. The yields are
acceptance-corrected and background-subtracted.

7.1 CP asymmetry induced by rescattering316

Previous publications [7, 8] showed evidence for possible source of CP violation produced317

by the long-distance strong phase through ⇡+⇡� $ K+K� rescattering. This interaction318

plays an important role in S-wave ⇡+⇡� elastic scattering, as was observed by previous319

experiments [40,41] in the m(⇡+⇡�) mass region between 1.0 and 1.5GeV/c2. The CPT320

symmetry requires that the sum of partial widths of a family of final states related to321

each other by strong rescattering, such as the four channels analysed here, are identical322

for particle and antiparticle. As a consequence, positive CP asymmetry in some channels323

implies negative CP asymmetry in other channels of the same family.324

The large data samples in the present study allow this e↵ect to become evident, as325

shown in Figs. 4, 5, 6 and 7. Large asymmetries are observed for all the final states in326

the region between 1.0 and 1.5GeV/c2. Figure 8 shows the invariant mass distributions327

for events with m(⇡+⇡�) and m(K+K�) in this interval, excluding the � meson mass328

region for the B± ! K±K+K� mode. The measured CP asymmetries corresponding to329

12

cos	  ϑ	  <	  0	   cos	  ϑ	  >	  0	  
h+	  

h+	  

h−	  

ϑ	  

•  Asymmetries	  as	  large	  as	  
60%	  in	  some	  regions!!	  

•  Flips	  of	  sign	  indicate	  
interference	  between	  S-‐	  
and	  P-‐wave	  is	  important	  

•  Rescaaering	  may	  also	  
play	  a	  role	  in	  region	  
between	  1	  and	  1.5	  GeV	  

•  Need	  amplitude	  analyses	  

LHCb-‐PAPER-‐2014-‐044	  

Preliminary	   Preliminary	  

Preliminary	   Preliminary	  

[PRL	  111,	  101801	  (2013)]	  
[PRL	  112,	  011801	  (2014)]	  



DP	  analysis	  of	  
B+	  →	  KS	  π+	  π0	  

•  Model	  contains	  K*(892),	  
Kπ	  S-‐wave	  and	  ρ(770)	  
contribuRons	  

•  Both	  charged	  and	  neutral	  
K*’s	  included	  

•  Kπ	  S-‐wave	  modelled	  using	  
LASS	  parameterisaRon	  
(coherent	  sum	  of	  
K*0(1430)	  resonance	  and	  
effecRve	  range	  
nonresonant	  terms)	  	  	  	  
[Nucl.	  Phys.	  B296,	  493	  (1988)]	  
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Direct	  CP	  ViolaRon	  
•  First	  evidence	  of	  direct	  CP	  

violaRon	  in	  B+	  →	  K*+π0	  

•  3.4σ	  significance	  esRmated	  
including	  staRsRcal,	  systemaRc	  
and	  model	  uncertainRes	  

•  ACP	  for	  B+	  → K*0π+	  consistent	  
with	  zero	  (as	  expected)	  
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BaBar	  Preliminary	   BaBar	  Preliminary	  

B+	   B−	  



New	  territory	  
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Bc	  mesons	  
•  Only	  meson	  composed	  of	  heavy	  quarks	  with	  different	  flavours	  
•  Largely	  unexplored	  territory	  

–  ProducRon	  fracRon	  in	  pp	  collisions	  unknown	  
–  Need	  beaer	  precision	  on	  lifeRme,	  mass,	  etc.	  

•  Very	  few	  decay	  modes	  observed	  –	  only	  1	  c-‐decay	  (Bc	  →	  Bsπ	  by	  LHCb	  
[Phys.Rev.Lea.	  111	  (2013)	  181801]),	  the	  rest	  b-‐decay	  modes	  

•  Will	  show	  a	  couple	  of	  recent	  developments	  in	  this	  rapidly	  changing	  field	  
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2014/07/24 Yuan XH, Tsinghua University 3 

The only meson composed of different heavy flavor quarks: ܿ & ܾ 

 ା mesonࢉ

Rich spectroscopy 
¾ LHCb: ܯ ା(ͳܵ)ܤ = 6276.3 ± 1.4 ± 0.4 MeV/ܿଶ 
¾ ATLAS: ܯ ାܤ ʹܵ = 6842 ± 4 ± 5MeV/ܿଶ 
A wide range of decay modes 
¾ Tevatron: ߨ߰/ܬା, ߤ߰/ܬାߥఓ 
¾ LHCb: ߨ߰/ܬାߨିߨା, ߰ ʹܵ כ௦ܦ߰/ܬ ,ାܭ߰/ܬ ,ାߨ ା, ܭ߰/ܬାߨିܭା, ܤ௦ߨା  

70 % 20 % 10 % 

Phys.Atom.Nucl.67,1559 
More studies on ܤା physics are needed 
¾ Large uncertainty in ߬(ܤା) 
¾ Many other ܤା decays not observed, especially annihilation decays 
¾ No absolute branching ratio measurement 

Phys.Rev.D87,112012 

 arXiv:1407.1032 

Evelina Bouhova-Thacker’s talk 

[Phys.Atom.Nucl.	  67	  (2004)	  1559]	  



Bc+	  →	  J/ψμ+ν	  
relaRve	  cross	  secRon	  

•  Measure	  raRo	  of	  B(c)+	  
producRon	  cross	  secRon	  
Rmes	  BF	  

•  Compare	  invariant	  mass	  
distribuRons	  

•  Can	  be	  compared	  with	  LHCb	  
measurements	  to	  
determine	  raRo	  of	  
producRon	  fracRons	  at	  
Tevatron	  and	  LHC	  
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CDF	  Note	  11083	  

R =
σ (Bc

+ )×BF(Bc
+ → J/ψµ+νµ )

σ (B+ )×BF(B+ → J/ψK + )
=
N(Bc

+ )
N(B+ )

×εrel

= 0.211± 0.012−0.020
+0.021



ObservaRon	  of	  an	  
excited	  Bc	  meson	  

•  Search	  for	  excited	  Bc	  
mesons	  in	  decay	  chain:	  
Bc(2S)	  →	  Bcππ;	  Bc	  →	  J/ψ	  π	  

•  Analysis	  uses	  4.9	  |−1	  of	  	  	  	  	  	  
7	  TeV	  and	  19.2	  |−1	  of	  8	  TeV	  
data	  

•  Results	  consistent	  within	  
the	  two	  data	  samples	  

•  Combined	  significance	  of	  
5.2σ	  

•  Mass:	  6842	  ±	  4	  ±	  5	  MeV	  
•  Awaits	  confirmaRon	  from	  

CMS	  and	  LHCb	  
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arXiv:1407.1032	  



b-‐baryons	  
•  Largely	  unexplored	  territory	  
•  No	  mixing,	  so	  potenRally	  

simpler	  for	  disentangling	  some	  
CP	  effects	  

•  Lots	  of	  progress	  made	  in	  last	  
couple	  of	  years	  with	  lifeRme	  
measurements,	  new	  decay	  
modes	  being	  observed	  
(including	  some	  charmless/
rare	  decays!)	  

•  Will	  be	  a	  very	  rich	  field	  in	  the	  
coming	  years	  

•  Need	  improved	  theory	  
predicRons	  as	  well	  as	  
experimental	  results	  
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[PRL	  108,	  252002	  (2012)]	  

[	  Phys.	  Rev.	  D	  89,	  092009	  (2014)]	  

[PRL	  110,	  182001	  (2013)]	  



Summary	  
•  With	  increasingly	  precise	  and	  sophisRcated	  
measurements,	  some	  anomalies	  have	  appeared	  
in	  the	  realm	  of	  b-‐hadron	  physics	  

•  Are	  they	  hints	  that	  we	  are	  on	  the	  threshold	  of	  
uncovering	  New	  Physics?	  	  Hopefully!!	  

•  The	  coming	  years	  will	  be	  exciRng	  Rmes	  as	  LHC	  
Run	  1	  data	  is	  fully	  exploited	  and	  the	  data	  samples	  
from	  LHC	  Run	  2	  are	  collected	  and	  analysed	  

•  Look	  forward	  also	  to	  the	  unprecedented	  
precision	  that	  will	  come	  with	  the	  start	  of	  Belle	  II	  
and	  the	  LHCb	  upgrade	  
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Backup	  Slides	  
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PEP-‐II	  and	  BaBar	  
§  PEP	  II/BaBar	  B-‐Factory	  located	  at	  SLAC	  

NaRonal	  Accelerator	  Laboratory	  
§  Collided	  beams	  of	  electrons	  and	  positrons	  

with	  asymmetric	  energies	  
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The	  	  LHCb	  	  detector	  
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InteracRon	  
Point	  

LHCb	  σ(pp	  →	  Hb	  X)	  =	  (	  75	  ±	  5	  ±	  13	  )	  µb	  
[Phys.	  Lea.	  B	  694,	  209-‐216	  (2010)]	  

Approximate	  
acceptance:	  
2	  <	  η	  <	  5	  
	  
~4%	  of	  solid	  angle	  
~40%	  of	  heavy	  
quarks	  

PANIC	  2014,	  Hamburg,	  25-‐29	  August	  2014	  



γ	  from	  loop-‐dominated	  decays	  
•  Preliminary	  results	  using	  

latest	  LHCb	  results	  on	  
Rme-‐dependent	  CP	  
violaRon	  in	  Bs0	  →	  K+K−	  
and	  U-‐spin	  symmetry	  
relaRon	  with	  B0	  →	  π+π−	  

•  Also	  include	  isospin	  
informaRon	  from	  B-‐
factories	  on	  ππ	  system	  

•  Find:	  
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Preliminary	  

arXiv:1408.4368	  



ϕs	  from	  loop-‐dominated	  decays	  

•  Use	  decay	  Bs	  →	  ϕϕ	  
•  Perform	  Rme-‐
dependent	  angular	  
analysis	  

•  Find	  

•  Consistent	  with	  results	  
from	  Bs	  → J/ψh+h−	  
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Preliminary	  

arXiv:1407.2222	  



B	  →	  D(*)π±lν	  Results	  
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B	  →	  D(*)π+π−lν	  Results	  
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B	  →	  D(*)π±(π∓)lν	  Results	  

27/08/2014	   PANIC	  2014,	  Hamburg,	  25-‐29	  August	  2014	   53	  

Slide	  from	  Thomas	  Lück	  (ICHEP	  2014)	  



D0	  →	  π−e+ν	  and	  
implicaRons	  for	  Vub	  
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Dimuon	  charge	  asymmetry	  

Ab
sl ¼ Cdadsl þ Csassl: (56)

The charge asymmetry aqsl ðq ¼ d; sÞ of “wrong-charge”
semileptonic B0

q-meson decay induced by oscillations is
defined as

aqsl ¼
ΓðB̄0

qðtÞ → μþXÞ − ΓðB0
qðtÞ → μ−XÞ

ΓðB̄0
qðtÞ → μþXÞ þ ΓðB0

qðtÞ → μ−XÞ
: (57)

This quantity is independent of the proper decay time
t [32].

The semileptonic charge asymmetry aqslðq ¼ d; sÞ
depends on the complex nondiagonal parameters of the
mass mixing matrix Mq þ iΓq of the neutral ðB0;L

q ; B0;H
q Þ

meson system [8] as

aqsl ¼
ΔΓq

Δmq
tanðϕ12

q Þ; (58)

where

Δmq ≡mH
q −mL

q ¼ 2jm12
q j; (59)

ΔΓq ≡ ΓL
q − ΓH

q ¼ 2jΓ12
q j cosðϕ12

q Þ; (60)

ϕ12
q ≡ arg

!
−m12

q

Γ12
q

"
:

Here mL;H
q and ΓL;H

q are the mass and width of the light (L)
and heavy (H) members of the B0

q system, respectively. ϕ12
q

is the CP-violating phase of the ðB0;L
q ; B0;H

q Þ mass matrix.
With this sign convention, both Δmq and ΔΓq are positive
in the SM.
The asymmetries adsl and a

s
sl within the SM are predicted

[9] to be significantly smaller than the background asym-
metries and current experimental precision:

adsl ¼ ð−4.1% 0.6Þ × 10−4; assl ¼ ð1.9% 0.3Þ × 10−5:
(62)

Measurements of adsl and a
s
sl [11,29–31] agree well with the

SM expectation.
The coefficients Cd and Cs depend on the mean mixing

probabilities χd and χs and on the production fractions fd
and fs of B0 and B0

s mesons, respectively. The mixing prob-
ability of a neutral B0

q meson is proportional to
1 − cosðΔmqtÞ, where t is the proper decay time [32] of
the B0

q meson. The mean proper decay time of B0
q mesons

is increased in the samples with large IP. Because the value
of Δmd is comparable to the width Γd, selecting muons
with large IP results in an increase of the mean mixing
probability χd. The values of χd in different IP samples
are obtained using simulation and are given in
Tables XV and XVI. On the contrary, the mass difference

DØ, 10.4 fb-1 (a)

aCP        All IP

aCP        IP=1

aCP        IP=2

aCP        IP=3

SM

DØ, 10.4 fb-1 (b)

-0.6 -0.4 -0.2 0
Asymmetry (%)

-0.6 -0.4 -0.2 0
Asymmetry (%)

ACP        All IP

ACP        IP1,IP2=11

ACP        IP1,IP2=12

ACP        IP1,IP2=13

ACP        IP1,IP2=22

ACP        IP1,IP2=23

ACP        IP1,IP2=33

SM

FIG. 20 (color online). (a) Asymmetry aCP measured in differ-
ent IP samples. (b) Asymmetry ACP measured in different IP1,
IP2 samples. The thick error bar for each measurement presents
the statistical uncertainty, while the thin error bar shows the total
uncertainty. The filled boxes show the SM prediction. The half-
width of each box corresponds to the theoretical uncertainty.

TABLE XIV. Residual asymmetry ACP ¼ A − Abkg measured
with different integrated luminosities

R
Ldt.

R
Ldt ACP Reference

1.0 fb−1 ð−0.28% 0.13% 0.09Þ% [1], Eq. (11)
6.1 fb−1 ð−0.252% 0.088% 0.092Þ% [2], Table XII
9.0 fb−1 ð−0.276% 0.067% 0.063Þ% [3], Table XII
10.4 fb−1 ð−0.235% 0.064% 0.055Þ% this Paper

TABLE XIII. Residual asymmetry aCP ¼ a − abkg measured
with different integrated luminosities

R
Ldt.

R
Ldt aCP Reference

6.1 fb−1 ðþ0.038% 0.047% 0.089Þ% [2], Table XII
9.0 fb−1 ð−0.034% 0.042% 0.073Þ% [3], Table XII
10.4 fb−1 ð−0.032% 0.042% 0.061Þ% this Paper

V. M. ABAZOV et al. PHYSICAL REVIEW D 89, 012002 (2014)

012002-22

27/08/2014	   PANIC	  2014,	  Hamburg,	  25-‐29	  August	  2014	   55	  



B-‐factory	  Analysis	  Variables	  –	  Topological	  

•  Light	  quark	  conRnuum	  
cross	  secRon	  ~3x	  	  

•  B	  mesons	  produced	  
almost	  at	  rest	  since	  just	  
above	  threshold	  

•  Use	  event	  topology	  to	  
discriminate	  

•  Combine	  variables	  in	  an	  
MVA,	  e.g.	  Fisher,	  Neural	  
Network	  or	  Decision	  
Tree	  

σ bb( )

Isotropic B event Jet-like continuum event 
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e+e−	  →	  hadrons	  cross-‐secRon	  



B-‐factory	  Analysis	  Variables	  –	  KinemaRc	  

2*2*
BbeamES pEm −= **

beamB EEE −=Δ

Make use of precision kinematic information from the beams. 

Characteristic 
Signal 

Distributions 

Characteristic 
Continuum 

Distributions 

Plots	  show	  simulaRon	  
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Charmless	  B	  decays	  
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•  ContribuRons	  from	  both	  loop	  (penguin)	  and	  tree	  decay	  diagrams	  
•  These	  diagrams	  have	  a	  relaRve	  weak	  phase	  (=	  γ	  in	  SM)	  
•  Interference	  can	  therefore	  give	  rise	  to	  CP	  violaRon	  in	  decay	  
•  In	  neutral	  B	  decays	  can	  make	  Rme-‐dependent	  measurements,	  

allowing	  measurements	  of	  mixing-‐induced	  CP	  asymmetries	  
•  These	  can	  be	  compared	  with	  measurements	  from,	  e.g.	  B0	  →	  J/ψ	  KS,	  

to	  search	  for	  signs	  of	  new	  physics	  

γ	  

New	  physics	  contribuRons	  in	  loops?	  



•  Intermediate	  
resonances	  appear	  as	  
structures	  in	  Dalitz	  plot,	  
characterised	  by	  their	  
mass,	  width	  and	  spin	  

•  Overlapping	  resonant	  
contribuRons	  lead	  to	  
interference	  effects	  

•  Hence	  the	  sensiRvity	  to	  
relaRve	  phases	  
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Spin	  0	  resonance	  

Spin	  1	  resonance	  

Spin	  2	  resonance	  

Dalitz	  plot	  analysis	  

Simulated	  data	  



B+	  → KSπ+π0	  MoRvaRon	  
•  Only	  upper	  limit	  exists	  on	  

inclusive	  branching	  fracRon,	  
from	  CLEO	  collaboraRon	  
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•  ΔACP	  predicted	  to	  be	  zero	  
•  ACP(K*+π−)	  quite	  precisely	  

measured	  by	  BaBar	  &	  Belle	  
•  Only	  previous	  measurement	  

of	  ACP(K*+π0)	  by	  BaBar,	  using	  
final	  state	  B+	  → K+π0π0	  

•  Improved	  measurements	  of	  direct	  CP	  violaRon	  in	  B+	  → K*+π0	  
can	  shed	  light	  onto	  equivalent	  of	  “Kπ	  puzzle”	  in	  K*π	  system	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
[Phys.	  Rev.	  D81,	  094011	  (2010)]	  

Phys.	  Rev.	  Lea.	  89,	  251801	  (2002)	  

Phys.	  Rev.	  D84,	  092007	  (2011)	  

ACP(B
0 ! K⇤+⇡�) = �0.23± 0.06

HFAG	  Average	  

ACP(B
+ ! K⇤+⇡0) = �0.06± 0.24

�ACP = ACP(K
⇤+⇡0)�ACP(K

⇤+⇡�)



B+	  → KSπ+π0	  MoRvaRon	  

•  RelaRve	  phases	  
between	  the	  two	  K*π	  
intermediate	  states	  can	  
be	  used	  to	  measure	  
CKM	  angle	  γ 

•  Uses	  the	  fact	  that	  K*0π+	  
is	  a	  pure	  penguin	  decay	  
–  Hence	  Δϕ	  is	  
approximately	  zero	  

•  In	  absence	  of	  EW	  
penguins	  Φ3/2 = γ 
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Phys.	  Rev.	  D74,	  051301	  (2006)	  
Phys.	  Rev.	  D75,	  014002	  (2007)	  

Isospin	  relaRons	  



Dalitz	  plot	  analysis	  formalism	  

•  Resonance	  parameterisaRon	  (isobar	  model):	  

•  Directly	  extracted	  parameters:	  Re(ci)	  &	  	  Im(ci)	  

•  Other	  quanRRes	  (relaRve	  phases,	  BF,	  ACP)	  are	  
derived	  from	  these	  
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Complex	  
coefficients	  

Decay	  
dynamics	  



B+	  → KSπ+π0	  SelecRon	  and	  fit	  

 E (GeV)6
-0.2 -0.1 0 0.1

Ev
en

ts
 / 

(7
 M

eV
)

0

200

400

(b)
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•  KS	  candidates	  reconstructed	  in	  
decay	  to	  π+π−	  

•  Largest	  B	  backgrounds	  removed	  
by	  vetoing	  D0	  →	  KSπ0	  

•  Approx.	  32,000	  candidates	  a�er	  
all	  selecRon	  

•  Maximum	  likelihood	  fit	  to	  mES,	  
ΔE,	  Boosted	  Decision	  Tree	  (event	  
topology)	  and	  DP	  

•  Large	  correlaRons	  between	  DP	  
posiRon	  and	  kinemaRc	  variables	  

•  Signal	  PDFs	  parameterised	  as	  
funcRon	  of	  DP	  posiRon	  

•  Signal	  yield	  of	  1014	  ±	  63	  
(staRsRcal	  uncertainty	  only)	  
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BaBar	  Preliminary	  

BaBar	  Preliminary	  
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Total	  fit	  

ConRnuum	  background	  

Total	  background	  
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B+	  → KSπ+π0	  BFs	  and	  Phases	  
•  First	  measurement	  of	  inclusive	  K0π+π0	  

and	  K*+0(1430)π0	  BFs	  
•  First	  uncertainty	  is	  staRsRcal,	  second	  

systemaRc,	  and	  third	  due	  to	  the	  
signal	  model	  

•  SensiRvity	  to	  relaRve	  phases	  depends	  
strongly	  on	  overlap	  in	  DP	  and	  effects	  
of	  mis-‐reconstrucRon	  in	  the	  corners	  

•  Smaller	  uncertainRes	  for	  pairs	  of	  
parallel	  resonances	  	  

27/08/2014	   PANIC	  2014,	  Hamburg,	  25-‐29	  August	  2014	   64	  



B+	  → KSπ+π0	  BFs	  and	  Phases	  
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SimulaRon	  



Effect	  on	  K(*)π	  puzzle	  

CPA
-0.4 -0.2 0 0.2

0/+K
-/+K

)/(KCP A6

0/+K*
-/+K*

)/(K*CP A6

27/08/2014	   PANIC	  2014,	  Hamburg,	  25-‐29	  August	  2014	   66	  

•  Plot	  uses	  world	  average	  values	  for	  Kπ	  and	  K*+π−	  asymmetries	  and	  
personal	  average	  of	  the	  two	  BaBar	  results	  for	  K*+π0	  

•  Gives	  ΔACP(K*π)	  ≡	  ACP(K*+π0)	  −	  ACP(K*+π−)	  =	  −0.16	  ±	  0.14	  
–  Consistent	  with	  zero	  

•  Uncertainty	  much	  improved	  but	  sRll	  too	  large	  to	  be	  conclusive	  

BaBar,	  Belle	  

BaBar,	  Belle,	  CDF,	  LHCb	  

BaBar	  only!	  

BaBar,	  Belle	  

Unofficial	  



B+	  → KSπ+π0	  Phase	  convenRon	  
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LASS	  parameterisaRon	  
•  Parametrising	  the	  JP	  =	  0+	  component	  of	  the	  Kπ	  spectrum	  

with	  LASS	  parametrisaRon	  
•  IntegraRng	  separately	  for	  the	  different	  contribuRons	  in	  

the	  parametrisaRon	  gives:	  
–  88%	  resonance	  K*0/+0(1430)	  
–  49%	  effecRve	  range	  nonresonant	  component	  (describes	  slowly	  
increasing	  phase	  as	  a	  funcRon	  of	  Kπ	  mass)	  

–  extra	  37%	  from	  destrucRve	  interference	  
•  EffecRve	  range	  part	  of	  the	  amplitude	  has	  a	  cut-‐off	  at	  

1800	  MeV/c2	  
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Bc	  meson	  lifeRme	  
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•  Uses	  2|−1	  of	  data	  
from	  2012	  (8	  TeV)	  

•  Using	  decay	  
modes:	  
Bc+	  →	  J/ψ	  μ+	  νμ	  X	  

•  LifeRme	  measured	  
to	  be:	  
τ(Bc)	  =	  509	  ±	  8	  ±	  12	  fs	  

Eur.	  Phys.	  J.	  C74	  (2014)	  2839	  



Mass	  of	  the	  Bc	  meson	  
•  ProperRes	  of	  Bc	  meson	  are	  

sRll	  rather	  poorly	  determined	  
•  LifeRme	  is	  rather	  shorter	  than	  

other	  B	  mesons	  
–  Indicates	  importance	  of	  charm	  

quark	  in	  the	  weak	  decay	  
–  See	  also	  recent	  LHCb	  

observaRon	  of	  Bc	  ⟶	  Bs	  π	  
[Phys.	  Rev.	  Lea.	  111	  (2013)	  181801]	  

•  Recent	  observaRon	  of	  Bc	  
decays	  to	  J/ψ	  Ds	  provide	  a	  
way	  to	  reduce	  the	  systemaRc	  
uncertainty	  on	  the	  mass	  
measurement	  

•  Obtains	  a	  yield	  of	  29	  signal	  
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Mass	  of	  the	  Bc	  meson	  

•  Mass	  determinaRon	  makes	  use	  of	  recent	  improvement	  
in	  Ds	  mass	  measurement	  (also	  from	  LHCb)	  

•  Also	  helped	  by	  low	  Q-‐value	  for	  the	  decay	  
•  Dominant	  systemaRcs	  from	  knowledge	  of	  momentum	  
scale	  and	  detector	  material	  

•  Mass	  determined	  to	  be:	  
m(Bc)	  =	  6276.28	  ±	  1.44	  ±	  0.36	  MeV/c2	  

•  UncertainRes	  on	  momentum	  scale	  and	  Ds	  mass	  largely	  
cancel	  in	  the	  mass	  difference:	  

m(Bc)	  –	  m(Ds)	  =	  4307.97	  ±	  1.44	  ±	  0.20	  MeV/c2	  
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