
Charming Hadronic Decays 
of b Hadrons

Mike Williams*
Massachusetts Institute of Technology

*on behalf of the LHCb collaboration



Mike Williams DPF @ SC   | 2

❖           : compare Br vs SM;

❖ Δφ     : compare φ vs SM or from trees vs loops;

❖ Lorentz structure: compare angular distributions vs SM.

LHCb Overview
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LHCb is performing precise tests of the SM, and searching for physics 
beyond the SM, by studying rare and CP-violating decays of b and c hadrons.  

There are no tree-level FCNCs in the SM; FCNCs require loops.

TeV-scale particles can make significant contributions here:

LHCb is also doing W,Z,t,..., physics, studying exotic spectroscopy, etc.  This 
talk is restricted to the b→Xc corner of LHCb phase space.
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The Large Hadron Collider
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LHCb Detector
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LHCb is a FWD Spectrometer (2 < η < 5)

RICH

stuff



20 MHz 1 MHz 5 kHz

LHCb Trigger
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We can “only” read out the detector at 1 MHz; thus, a hardware trigger is 
required.  The basic trigger strategy is
❖hardware requires “large” ET in CALOs or “large” PT in the 

muon stations, along with low multiplicity;

❖ software runs ~30k PROCs (giving it 30 ms/event) to 
reduce the rate by ~200.   It uses a combo of simple and 
inclusive BDT-based selections to produce a nearly 100% 
pure bb sample.

LHCb-DP-2012-004 [arXiv:1211.3055]
V.Gligorov & MW, JINST 8, P02013 (2013). [arXiv:1210.6861]

See talks by 
C.Fitzpatrick, 

F.Alessio
& poster by 
M.Sokoloff
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The CKM matrix describes the mixing between mass and weak quark 
eigenstates.  In the SM, it is unitary providing 9 constraint equations that relate 
its elements to one another.  

6

CKM

Six of these constraint equations form “unitary triangles” (each of equal area, 
but different shapes).   By measuring all “sides” and “angles”, the unitary 
hypothesis and, thus, the SM can be tested.

The most “popular” UT
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CKM
Use interference b/t                            and                     to extract   .
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(D|D)XB
DX

DX
Ab̄!ū

b!u = Abue
±i� Ab̄!c̄

b!c = Abc

= |AD|2 + |A
¯D|2 + 2|AD||A

¯D| cos (�✓
strong

± �)

N± = |AB!DX +AB!D̄X |2

�

�

These are tree-level decays; no pollution from penguins, etc.  This is SM Ɣ.  
Can look for BSM by comparing to Ɣ from loops.



Mike Williams DPF @ SC   |

Comparable results from Belle, BaBar and LHCb from B→D(*)K(*) using ADS/
GLW & GGSZ methods and a variety of D decay modes.
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CKM�

See talk by D. Craik for details on measuring Ɣ using B→DK decays and for 
some LHCb results updated to include the full 3/fb (2011+2012) data!

Belle 

BaBar

LHCb

(68+15
�14)

�

(69+17
�16)

�

(67± 12)�

arXiv:1301.2033
PRD 87, 052015 (2013)
LHCb-CONF-2013-006

Refs

LHCb now has 
best single-

experiment Ɣ 
measurement!
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CKM�

Amazing progress on Ɣ in the past 
few years, but improving tree-level 
constraints is still a very high priority.

�

|Vub|

Tree-level constraints 
on the UT.

Ɣ

α

β

|VudV
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ub|
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cb|
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all



Mike Williams DPF @ SC   | 10

CKM   : TNG�

Measurements using B→D(*)K(*) modes will continue to improve with more 
data, but new decay modes will also begin to contribute soon.

❖B→DK* (ADS/GLW);

❖B→DKπ (Dalitz analysis);

❖Bs→Dφ (ADS/GLW);

❖Bs→DKK (Dalitz analysis);

❖B→DKππ (ADS/GLW);

❖ etc.

Comb. bkg.
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Many new constraints on Ɣ expected in the 
next few years.

See talks 
by D.Craik 
& S.Blusk 
for details

LHCb-PAPER-2013-022 [arXiv:1304.6317]

LHCb-PAPER-2012-042 [arXiv:1212.5205]

LHCb-PAPER-2013-035

LHCb-PAPER-2012-018 [arXiv:1207.5991]

LHCb-PAPER-2011-040 [arXiv:1201.4402]
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Neutral meson oscillations have now been observed in the K, Bd, Bs and D 
systems.  The Bs has the highest oscillation frequency and changes flavor on 
average 9 times between production and decay.
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Measuring the Bd and Bs oscillations frequencies provides direct constraints on 
the UT and also vital input to many BSM searches, e.g., Bs→μμ and Bs→J/ψφ.

�md,s
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Basic strategy to measure Bs oscillations: Reconstruct the Bs in a flavor-
specific decay and also tag its flavor at production.
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�ms

Bs ! Ds⇡

K±
SS Tag

OS Tag µ, e,K, q
vtx

LHCb sees ~34k signal events in 1/fb of data (2011) with an effective tagging 
power of (2.6±0.4)% from OST and (1.2±0.3)% from SST.

LHCb-PAPER-2013-006 
[arXiv:1304.4741]
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LHCb achieves a mean decay-time resolution in this mode of 44 fs!
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�ms

�ms = 17.768± 0.023(stat)± 0.006(syst)ps�1

This is the most precise measurement of the Bs oscillation frequency.

Detector/selection 
efficiency effect

LHCb-PAPER-2013-006 
[arXiv:1304.4741]
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Similarly, we measure Bd oscillations using 1/fb of (2011) data.
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LHCb-PAPER-2013-006 
[arXiv:1304.4741] most 

precise!
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�md,s

Best constraints on |Vtd| and |Vts| 
come from Δms & Δmd. Unfortunately, 

theory limited so improved 
measurements don’t help ATM.

The Δms constraint 
reduces SM 

uncertainty on 
Bs→μμ by over 50%.

Vital input to all Bs-
mixing-based BSM 

searches.

Hadronic open charm 
decays provide vital 

constraints on the UT!

�
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TD CKM �

Can also use mixing to measure Ɣ!  Interference between mixing and decay 
amplitudes gives rise to a CPV phase Ɣ+φs.  

DsKBs

Bsφs

-Ɣ

This phase is accessible experimentally via a time-dependent analysis (much 
more difficult than simple counting).
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LHCb has made a first (preliminary) measurement of TD CPV observables in 
Bs→DsK using 1/fb of data.

Constraints on Ɣ require a 
better understanding of 
systematics.
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LHCb-PAPER-2012-033 
[arXiv:1211.1541]

LHCb-CONF-2012-029 
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Double Open Charm
Further CKM constraints possible in the very near future using double-open-
charm modes.  The Bd(s) mixing phase can be obtained using Bd(s)→D(s)D(s).

18

]2c Mass [MeV/s
− Ds

+D
5200 5400 5600

)2 c
C

an
di

da
te

s 
/ (

8 
M

eV
/

50

100

150

s
− Ds

+ D→s
0B

-*s D+*s D→s
0

B

-*s Ds
+ D→s

0
B

−
s D+ D→

0B

Combinatorial

LHCb

See talk by S. Blusk for discussion on double-open-charm modes.

2011 data only

CPV Results from 
BaBar & Belle!

LHCb-PAPER-2012-050 
[arXiv:1302.5854]

SD!þD# ¼ #0:62% 0:21% 0:03

SDþD!# ¼ #0:73% 0:23% 0:05

CD!þD# ¼ þ0:08% 0:17% 0:04

CDþD!# ¼ þ0:00% 0:17% 0:03:

(14)

Projections of the fit results onto!t for events in the region
mES > 5:27 GeV=c2, and their flavor asymmetry, can be
seen in Fig. 5. To enhance the visibility of the signal in
these projections, we use three of the six tagging categories
with the highest purity, which account for 80% of the total
effective tagging power Q. The correlations among the CP
parameters are given in the appendix.

We evaluate systematic uncertainties in the CP asym-
metries for each mode by varying the fixed parameters for
the mistag quantities and !t resolution model within their
uncertainties while accounting for correlations among the
parameters. For the B0 ! DþD# and B0 ! D!%D&

modes, we change the fixed mES signal width by
%0:2 MeV=c2, an amount determined from a comparison

of data and MC event samples in modes with high purity,
and take the difference in fitted results as a systematic
uncertainty. Additionally, we vary the fraction and shape
of the peaking background component. We also include
systematics for possible detector misalignment and the
presence of doubly-Cabibbo suppressed decays of the
Btag meson [32]. We assign a systematic uncertainty equal

to the statistical uncertainty of the MC sample used to
validate the fit. Other sources of systematic uncertainty
include: the B0 meson properties (!md and !B0), which we
vary to%1" of their world averages, and uncertainty in the
boost; the corresponding changes in the CP asymmetries
are taken as the estimate of the systematic uncertainties.
For the B0 ! D!þD!# mode, we vary the cos#tr resolution
parameters and background shape in the manner described
for the evaluation of systematic uncertainties on R? and
take the effects on the CP parameters as the associated
systematic uncertainty. A summary of the systematic un-
certainties for the CP parameters is given in Tables II and
III. As before, the total systematic uncertainty is the sum in
quadrature of the individual contributions.
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FIG. 5 (color online). Projections onto !t of the fit result and the data in the region mES > 5:27 GeV=c2 for the three highest purity
tagging categories. The triangular points and the dashed lines are for B0 tagged events, and the circular points and solid lines are for "B0

tagged events.

B. AUBERT et al. PHYSICAL REVIEW D 79, 032002 (2009)

032002-10
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of the measured branching fractions are summarized in
Table I. The uncertainties due to track, K0

S and ⇡0 recon-
struction e�ciency and the uncertainty due to the K/⇡
selection e�ciency have been estimated using studies of
D⇤+ decays with MC simulations and data. The e↵ect
on the event reconstruction e�ciencies due to broader D
mass distributions for data and the corresponding selec-
tion is studied by a MC/data comparison and assigned as
a systematic uncertainty. As the systematic uncertainty
of the applied continuum suppression in B0 ! D+D�,
the maximum variation of signal yields in a MC/data
comparison of the neural networks using B0 ! D+

s D�

decays is assigned. The contributions due to the fit mod-
els are estimated by varying the fixed parameters within
their uncertainties. The contributions due to uncertain-
ties of the D0, D+ and D⇤+ branching fractions and of
the number of BB̄ events are obtained by propagation
of the appropriate uncertainties. The total systematic
uncertainties are obtained by adding all contributions in
quadrature.
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FIG. 2: Top: �t distributions (data points with error bars)
of (a) B0 ! D+D� and (b) B0 ! D⇤+D� + B0 ! D⇤�D+

candidates associated with high quality flavor tags (r > 0.5).
The lines show projections of the sum of signal and back-
ground components in the fit. The signal purity for r > 0.5
is 69% (66%) for B0 ! D+D� (B0 ! D⇤±D⌥). Bottom:
The CP asymmetry obtained from the above distributions
and projections.

The technique used to determine the CP asymmetry
parameters from �t distributions is described in detail
in Ref. [5]. The decay vertex of the signal B meson is
reconstructed from a kinematic fit of the two D mesons
to a common vertex including information about the IP
profile. No information about soft pions is used in the
vertex reconstruction. The decay vertex and the flavor
of the accompanying B meson is obtained by an inclu-
sive approach using the remaining charged tracks that are
not used in the signal B reconstruction. Requirements
on the quality of reconstructed B vertices and on the
number of hits in the silicon vertex detector are applied.
The algorithms applied to obtain the b-flavor charge q
and a tagging quality variable r are described in detail in
Ref. [25]. The variable r is related to the mistag fractions
determined from b ! c control samples and ranges from
r = 0 (no flavor discrimination) to r = 1 (unambigu-
ous flavor assignment). The data is divided into seven r
intervals.
The CP asymmetry parameters are determined by un-

binned maximum likelihood fits to the �t distributions.
The probability density function used to describe the �t
distributions is given by

P = (1 � f
ol

)
X

k

fk

Z
[Pk (�t0)Rk (�t � �t0)] d (�t0)

+f
ol

P
ol

(�t) , (3)

where the index k denotes signal and background com-
ponents and the fraction fk depends on the r interval
and is evaluated on an event-by-event basis as a func-
tion of M

bc

and �E. The signal component consists of
the convolution of distributions given by modifications of
Eq. 1 and 2 that include the e↵ect of incorrect flavor as-
signments and of a resolution function to account for the
finite resolution of the vertex reconstruction [26]. The
background component is parameterized by the convo-
lution of the sum of a prompt and an exponential dis-
tribution allowing for e↵ective lifetimes and a resolution
function composed of the sum of two Gaussian functions.
The parameters of the background components are fixed
to values determined by fits to M

bc

< 5.26 GeV/c2 side-
bands. A Gaussian function P

ol

with a broad width of
about 35 ps and a small fraction f

ol

of about 2⇥ 10�4 is
added to account for outlier events with large �t.

The free parameters in the B0 ! D+D� fit are SD+D�

and CD+D� and the free parameters in the B0 ! D⇤±D⌥

fit are AD⇤D, SD⇤D, CD⇤D, �SD⇤D and �CD⇤D. The
lifetime ⌧B0 and mass di↵erence �md are fixed to current
world averages [24]. The fits are performed in a signal
region defined by |�E| < 30 MeV and 5.27 GeV/c2 <
M

bc

< 5.29 GeV/c2. The signal purity is 62% (59%) for
B0 ! D+D� (B0 ! D⇤±D⌥). For B0 ! D+D� the
results are

SD+D� = �1.06 +0.21
�0.14 ± 0.08

CD+D� = �0.43 ± 0.16 ± 0.05, (4)

e.g.) B→DD
Belle [arXiv:1203.6647]

BaBar [arXiv:0808.1866]
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Double Open Charm
LHCb recently observed an unexpected resonant contribution in B→Kμμ.   
Even the golden modes cannot escape QCD!

19

Ψ(4160)

Ψ(4040)?

The B→DD’K(*) decay modes could be used to constrain the charmonium 
amplitudes for B→K(*)μμ.  Furthermore, these modes can be used as an 
exotic QCD laboratory (e.g., to search for hybrid charmonium). 

LHCb-PAPER-2013-039 
[arXiv:1307.7595]

B !  (4160)K

µµK

DD0K

See talk by 
E.Bowen for 

details on Kμμ
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First evidence for a hadronic annihilation-type decay observed at LHCb using 
1/fb (2011) of data.

6.7+4.5
�2.6 (> 3�)

B(B± ! D±
s �) =

�
1.87+1.25

�0.73 (stat)± 0.19 (syst)± 0.32 (norm)

�
⇥ 10

�6

SM

BSM

ACP (B
± ! D±

s �) = �0.01± 0.41 (stat)± 0.03 (syst)

LHCb-PAPER-2012-025 
[arXiv:1210.1089]
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fs/fd

Hadronic open-charm decays are also used to make “utility” measurements, 
e.g., fs/fd (required for Bs→μμ, etc).

21

]2c) [MeV/+π−D(m
5000 5200 5400 5600 5800

)2 c
M

eV
/

 5
 

 (
 C

an
di

da
te

s /

0

2000

4000

6000

8000

10000

12000 LHCb
+π− D→0B

+π −s D→ 0
sB

+K− D→0B
+π −cΛ → 

0
bΛ

+π
−* D→0B

+ρ
− D→0B

Combinatorial

]2c) [MeV/+K−D(m
5200 5400 5600 5800

)2 c
M

eV
/

 5
 

 (
 C

an
di

da
te

s /

0

200

400

600

800

1000 LHCb
+K− D→0B

+K−* D→0B
*+K− D→0B

+ρ
− D→0B

+π− D→0B
Combinatorial

]2c) [MeV/+π−sD(m
5200 5400 5600 5800

)2 c
M

eV
/

 5
 

 (
 C

an
di

da
te

s /

0

500

1000

1500

2000
LHCb

+πs
− D→s

0B
+π

−
s D→0B

+π− D→0B
+π

−
cΛ →

0
bΛ

+π
−*

s D→0sB
+ρ−s D→0sB

Combinatorialfs/fd = 0.259± 0.015

LHCb-PAPER-2012-037 
[arXiv:1301.5286]

LHCb-CONF-2013-011



Mike Williams DPF @ SC   |

Summary

22

❖Hadronic-open-charm decays provide a tree-level way to measure the 
CKM angle Ɣ.  Great progress has been made over the past few years 
using B→D(*)K(*) decays; the uncertainty on Ɣ is now only 8o.  Soon, many 
new decay modes will also begin to contribute to constraining Ɣ.

❖Δms and Δmd, which are measured using hadronic-open-charm modes,  
place strong constraints on the UT (although, these constraints are 
currently theory limited) and are vital inputs to many BSM searches.  

❖Double-open-charm modes will soon provide additional constraints to CKM 
parameters.   They can also help constrain “nuisance” charmonium 
amplitudes for “golden” modes.

❖We have entered the era of rare hadronic-open-charm decays!


