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Heavy Flavor Physics
Sheldon Stone
Department of Physics, Syracuse University, Syracuse, NY, USA and CERN, Geneve, SW

The main purpose of Heavy Flavor experiments is to discover physics beyond the Standard Model, or characterize
it, should it be found elsewhere. Thus, current limits on New Physics (NP) are reviewed. New results are
presented, some involving processes that could show NP even with current data. Specific topics include the

CKM element |Vub|, the forward-backward asymmetry in B
0 → K

∗0
µ+µ−, b-hadron fractions at the LHC,

B(B
0
s → µ+µ−), first observations of several B

0
s and B−c decay modes, the X(4140), new b-baryons and their

decays, searches for Majorana neutrinos, and Lepton Flavor Violation.

1. Introduction

Heavy Flavor Physics (HFP) is the study of interactions that differ among flavors [1]. Heavy here means not
Standard Model (SM) neutrinos or u and d quarks, in some cases s quarks, but mainly c and b quarks, as the t
is too heavy, decaying before it forms a hadron.

There are several “problems” that the SM cannot explain. Baryogenesis, the current dominance of matter
over anti-matter requires, according to current models, much more CP violation than can be obtained from SM
quark mixing [2]. The SM also cannot explain dark matter affecting stars orbiting in galaxies [3], and then there
is the “hierarchy problem,” which can be summarized as our lack of understanding how to get from the Planck
scale of Energy ∼ 1019 GeV to the Electroweak Scale ∼100 GeV without fine tuning quantum corrections [4].

In this paper I emphasize that the main purpose of HFP is to find and/or define the properties of physics
beyond the SM. This is effective because HFP can probe large mass scales via virtual quantum loops. An
example of the importance of such loops is extracting the Higgs mass. W mass changes due the presence of t
are shown in Fig. 1(a). The changes due to the Higgs are shown in Fig. 1(b).

(a) (b)

Figure 1: Corrections to the W mass due to (a) the t quark and (b) the Higgs.

2. Limits on New Physics

Searches via quantum loops already have reached quite large mass scales given certain assumptions. Consider
an effective Lagrangian given as Leff = LSM + ci

Λi
Oi, where Oi corresponds to new physics (NP) operators, and

Λi the mass scale. The coupling constants ci are taken as 1. Then the approximate range of different processes
rules out NP in the regions shown in Fig. 2 [5].

There are several ways to avoid these limits, however. (i) The new particles could have very large masses.
(ii) The new particles could be degenerate in mass. (iii) The mixing angles in the NP sector are the same as
in the SM; this is called Minimal Flavor Violation [6]. Collectively these consideration already provide strong
constraints on NP.

A specific example of constraints on NP is provided by the process b→ sγ. The SM diagrams for this process
are shown in Fig. 3(a) and (b), while possible NP decays are shown in (c) and (d). The data are consistent with
the SM prediction as shown in Fig. 4 and rule out particular models of NP. The central solid curve shown on
the figure shows the prediction for the two-Higgs doublet model (2HDM) with tanβ=2. The outer curves show
the model dependent error band. Comparison of the lower curve with the measurement restricts the charged
Higgs mass to be greater than 316 MeV at 90% confidence level (cl).
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Figure 2: New Physics reach in terms of mass scale (Λi) for various processes from [5].
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Figure 3: Decay diagrams for b→ sγ (a) and (b) are SM while (c) and (d) show a possible NP process.
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Figure 4: The measured B(b→ sγ) shown as the central dotted line with upper and lower lines showing the uncertainty.
The SM theory prediction is shown in the same manner using the dashed lines. The solid curves show the 2HDM with
tanβ=2, from [7].

.

It is often said that we have not seen NP, yet what we observe is the sum of SM plus NP. To set limits on
NP we need to adopt a specific scenario. One way is to assume that “tree level” diagrams are dominated by
the SM while loop diagrams contain both SM and possibly NP. Fig. 5 gives examples of these processes.

(a) (b)

Figure 5: Decay diagram examples for (a) tree and (b) loop processes.

The CKM quark mixing matrix in the Wolfenstein formalism has four independent parameters, A, λ, ρ and η
[8]. The values of A and λ have been measured and are about 0.8 and 0.225, respectively [9]. Most measurements
involve an algebraic combination of ρ and η so the results are typically shown as bands on a η − ρ plot.



Proceedings of the DPF-2011 Conference, Providence, RI, August 8-13, 2011 3

Analysis of data involving only tree diagrams (Fig. 6(a)) and loop diagrams (Fig. 6(b)) is provided by the
CKM fitter group [10]. An overlay of measurements shown in Fig. 6(c) shows that the agreement is only at the
5% confidence level leaving a lot of room for NP.
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Figure 6: Constraints in the ρ− η plane from (a) tree diagrams, (b) loop diagrams and (c) the overlay.

Closer investigation of the CKM fits reveals that the largest discrepancy occurs between the measured and
predicted fit values of the branching fraction for B− → τ−ν and the quintessential loop level process for CP
violation in the B0 system, resulting in sin 2β. The process B− → τ−ν proceeds via a tree level diagram in
the SM where the b annihilates with the u quark via a virtual W− that materializes as a τ−ν pair. (This is
the same diagram with different initial state quarks that describes D+

(s) → µ+ν decays.) The branching ratio is

given by

B(B− → τ−ν) =
G2
FmBτB

8π
m2
τ

(
1− m2

τ

m2
B

)2

f2
B |Vub|

2
, (1)

where fB is the decay constant determined theoretically, |Vub| is an important CKM element discussed below,
and the masses, lifetimes etc.. are very well measured.

The point in Fig. 7 shows the directly measured values, while the predictions from the fit without the direct
measurements are also shown. There is more than a factor of two discrepancy between the measured value of
B(B− → τ−ν) and the fit value, somewhat more than a two standard deviation difference. In a separate analysis
Lunghi and Soni using different theoretical inputs claim a larger discrepancy [11]. They draw a drastic conclusion
reflected in the papers title: “Demise of CKM and its aftermath.” A fourth generation based explanation is
advocated.
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Figure 7: Measured versus predicted values of B(B− → τ−ν) versus sin 2β from the CKM fitter group.

3. New Results

There is a lot of new data from CDF, D0, BaBar, CLEOc, BES, BELLE, ATLAS, CMS and LHCb. It is
not possible to cover all these excellent results even though Hassan Jawahery will cover the CP measurements.
Apologies to all of those whose results I do not cover. NP must affect every process; the amount in each process
helps classify the NP (“DNA footprint”). Some processes where the predictions in the SM have small errors
and thus could reveal NP even with currently available data. I start with a discussion of |Vub|.
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3.1. Determination of |Vub|
Semileptonic B decays are used to determine the value of |Vub|. The decay process is shown in Fig. 5(left).

Both inclusive decays, where only the final state lepton is detected, and exclusive decays, primarily the π`−ν
final state are used. These results, however, do not agree.

Inclusive values are determined in the context of different models using different kinematic cuts to enhance
various phase space regions, and applying the heavy quark expansion to extract the relevant hadronic matrix
element [12]. Kowalewski quotes an average value |Vub| = 4.25 ± 0.15 ± 0.20 [13], based on the results shown

in Fig. 8(a). The exclusive measurements are mostly based on the B
0 → π+`−ν decay mode. Theoretical

models predict the branching fraction in specific ranges of four-momentum transfer, q2, between the B and the
π. The data and some theoretical points from Lattice QCD are shown in Fig. 8. Urquijo quotes an average
value |Vub| = 3.25± 0.12± 0.28 [14], leading to a ∼25% discrepancy with the exclusive results. This irritating
and somewhat long term problem doesn’t have a major effect on the B(B− → τ−ν) − sin 2β discrepancy, nor
on the overall difference between tree and loop diagrams as can be seen by the separate fits done to the overall
CKM measurements by the UT fit group shown in Fig. 9 [15].
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Figure 8: (a) Values of |Vub| determined from different inclusive measurements [13]. (b) The q2 dependence for B
0 →

π+`−ν from several different experiments and from a Lattice QCD model [14].

(a) (b)

Figure 9: (a) UT fit results using the exclusive determination of |Vub|, and (b) inclusive [15].

.

While the differences alluded to here can have several sources including theoretical or experimental errors,
it is also possible that NP is the cause. A neat explanation is to allow a right-handed current coupling. Then

the decay rate for B → π`ν is proportional to
∣∣V Lub + V Rub

∣∣2, the rate for B → τν ∝
∣∣V Lub − V Rub∣∣2, and the rate

for B → Xu`ν (exclusives) ∝
∣∣V Lub∣∣2 +

∣∣V Rub∣∣2. A plot of the correlation between
∣∣V Lub∣∣ and Re

[
V Rub/V

L
ub

]
done

by Crivellin is shown in Fig. 10 [16]. Allowing a 15% right-handed current brings all three measurements into
agreement. This of course would be NP at the tree level, and should also show up in other modes [17].
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3.2. Forward-Backward Asymmetry in B
0 → K

∗0
µ+µ− Decays

Next we turn to a process that could explicitly show the effects of NP. The decay B
0 → K

∗0
µ+µ− is similar

to B → K∗γ, but there are more SM diagrams involving loops as shown in Fig. 11. There are several variables
that can be examined. One that can be accurately predicted in the SM is the forward-backward asymmetry of
the dimuon pair, AFB , as a function of q2. Measurements of BaBar, Belle and CDF had indicated, with low
statistics, that AFB was larger than the SM prediction especially at q2 close to zero [18]. New results from CDF
using 6.8 fb−1 [19] and LHCb using 0.3 fb−1[20] now are quite consistent with the SM prediction as shown in
Fig. 12.
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3.3. Determination of the b-hadron Production Fractions at the LHC

While absolute branching fractions of B− and B
0

mesons have been determined accurately by experiments
operating at the Υ(4S) resonance [9], an important part of the heavy flavor physics program involves measuring

absolute branching ratios of B
0

s mesons. To determine this ratio LHCb uses two techniques, one using fully
reconstructed hadronic decays, and the other partially reconstructed semileptonic decays. In the hadronic modes

two ratios are formed, Γ(B
0 → D+K−)/Γ(B

0

s → D+
s π
−) and Γ(B

0 → D+π−)/Γ(B
0

s → D+
s π
−). Each one then

is used with a theoretical correction based on factorization [22] to extract the ratio of B
0

s to B
0

production,
fs/fd = 0.253 ± 0.017 ± 0.017 ± 0.020, where the uncertainties are respectively statistical, systematic and
theoretical [23].

In the semileptonic method the individual charm hadrons D0, D+, D+
s and Λ+

c are found, required to form
a detached vertex with a µ−, and not to have their momentum vector point at the primary vertex which is

characteristic of b hadron decay. Most of the decays to D0 and D+ result from either B
0

or B− decays, but

there is a component of B
0

s decays into these mesons plus a kaon, and Λ0
b decays into a D0 or a D+ plus a proton

or neutron. These cross-feeds are measured. Similarly, most of the D+
s result from B

0

s decays with cross-feeds
from the other modes. The resulting ratio measured ratio is actually fs/(fu + fd). Isospin conservation is used
to set fd = fu. Then fs/fd = 0.268 ± 0.008+0.022

−0.020 [24]. The theoretical uncertainties are very small. In fact,
the dominant systematic uncertainty of 5.5% is due to the errors on the charm hadron branching fractions.
The combination of the two methods to determine the fractions is dominated by the semileptonic result, and
LHCb quotes fs/fd = 0.267+0.021

−0.020 [25]. The 8% precision achieved here is sufficient to allow a relative precise

determination of B
0

s branching fractions.
The semileptonic method also provides a result for the Λ0

b production fraction. It is large, ≈30%. Both
fs/(fu + fd) and fΛb

/(fu + fd) are constant with η, where η = − log tan θ/2, and θ is the b production angle
with respect to the beam direction. The variable pT here is defined as the vector sum of the charmed hadron
and muon momenta. It is found that fΛb

/(fu + fd) has a large variation with pT at LHCb, while fs/(fu + fd)
is constant [24]. Both results are shown in Fig. 13.
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for fΛb/(fu + fd) in (c) and (d), both from 3 pb−1 of data.

3.4. Measuring the Branching Fraction of B0

s → µ+µ−

B
0

s → µ+µ− is highly suppressed in the SM with a predicted branching fraction of (3.2±0.2)×10−9 [26], and
it is possible for NP to increase the rate by large factors [27]. The SM diagram and one possible NP diagram
from supersymmetry are shown in Fig. 14.

Techniques used to enhance signal over background in the search for this rare decay can be optimized on data
because there are topologically identical and much more prolific processes B → h+h−, where h is either a pion or
a kaon. The variables used to discriminate include B impact parameter, B lifetime, B transverse momentum, B
isolation, track isolation, minimum impact parameter of tracks, etc.. Subsequently muon identification is added.
The multivariate analyses of CDF and LHCb produce the simulated distributions of signal, and background
determined from data, in terms of the internally defined variables shown in Fig. 15. Signal efficiency is high
at large values of the CDF variable νN , where the backgrounds are minimal. For LHCb, the BDT variable is
nearly flat in signal efficiency (by design), while the background falls off quickly above BDT of 0.5.

CDF recently reported a tantalizing observation when searching for a signal in B
0

s → µ+µ− using 7 fb−1 [28].
The CDF data are separated in two samples, one where both muons are in the central region of the detector
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Figure 15: Multivariate analysis variable distributions from simulated signals and data based backgrounds from (left)
CDF, and (right) LHCb.

(CC) and another where one muon is in the central region and the other is in the forward region (CF). The
CF sample has 72.5% of the efficiency of the CC sample, and the backgrounds expected to be about a factor
of 1.5 larger in the 3 highest νN bins [29]. At the SM level 1.9 signal events are expected in the sum of both
samples. The CDF result is shown in Fig. 16. CDF claims an excess. It appears that it is mainly in the CC

sample while none is visible in the CF sample. Averaging both samples CDF quotes a central value of B(B
0

s →
µ+µ−) = 1.8+1.1

−0.9× 10−8, 5.6 times the standard model value. The probability for background plus the SM rate

to give this result is 2.9%. Thus, CDF quotes a “two-sided” limit 4.6 × 10−9 < B(B
0

s → µ+µ−) < 3.9 × 10−8.
When a two-sided limit is quoted, I view the result as not being statistically significant. Nevertheless, seeing if
there is an excess rate in this channel is very important. LHCb and CMS have provided such data.

The LHCb data using 0.34 fb−1 is shown in Fig. 17 and listed in Table I [30]. LHCb does not observe an
excess above the SM level. In the two BDT signal bins LHCb expects to see 5.1 events and sees 5. CMS
performs a cut based analysis using 1.14 fb−1 [31]. They have two samples, one where both muons are in the
barrel and the other where one muon is in the endcaps or both are in the endcaps. Their results are presented
in Table II. CMS also does not observe an excess over SM expectations.

Table I: The LHCb results for B
0
s → µ+µ− in bins of BDT. The bold numbers show the expected versus observed

numbers in the two signal bins using the SM expectation for the signal.

BDT<1/4 1/4<BDT<1/2 1/2<BDT<3/4 3/4<BDT<1

# expected bkgrd 2968±69 25.0±2.5 2.99±0.89 0.66±0.40

# expected signal 1.26±0.13 0.61±0.6 0.67±0.0.07 0.72±0.07

Sum expected 2969±69 25.6±2.5 3.66±0.89 1.38±0.41
Observed 2872 26 3 2
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Figure 16: The observed number of events (open histogram with points) compared to the total expected background
(light grey) and its uncertainty (hatched) in bins of dimuon invariant mass. The top and bottom rows show the results in

the B
0
s mass signal region for the CC and CF channels, respectively. The results for the first 5 νN bins are combined (and

scaled by 0.2) while the results for the last three bins are each shown separately. Also shown is the expected contribution
from signal events (dark gray) using the fitted branching fraction, which is 5.6 times the expected SM value.

Table II: The CMS results for B
0
s → µ+µ−.

Barrel Endcap

# expected combinatoric bkgrd 0.60±0.35 0.80±0.40

# expected B → h+h− bkgrd 0.07±0.02 0.04±0.01

# expected signal 0.80±0.16 0.36±0.07

Sum expected 1.47±0.39 1.20±0.41

Observed 2 1

Table III lists both the individual upper limits from LHCb and CMS, and the combined result [32]. These
limits are substantially smaller than the CDF central value, and corresponds to 2.8 times the SM prediction at

90% cl. The confidence levels (CLs) versus B(B
0

s → µ+µ−) is shown in Fig. 18. The combined data have a 0.3%
probability of being consistent with the central value of the CDF result. The combined LHC results present
severe limits on NP models, yet there is still a lot of room for NP to appear before we reach the SM level [33].
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Table III: Upper limits from LHCb, CMS and their combination for B(B
0
s → µ+µ−)

LHCb ×10−8 CMS ×10−8 Combination ×10−8

Upper limit @ 95% cl 1.5 1.9 1.1

Upper limit @ 90% cl 1.2 1.6 0.9
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3.5. First Observations of B0

s → J/ψf0(980) and B0

s → J/ψf ′2(1525)

Time dependent measurements of CP violation in the B0
s−B

0

s system have been based on B
0

s → J/ψφ decays.
It was suggested by Stone and Zhang that such determinations could be affected if there was a S-wave K+K−

component under the φ whose level could be ∼10% [34]. Furthermore it was predicted that the S-wave could
manifest itself as f0(980) state and

R =
B(B0

s → J/ψf0, f0 → π+π−)

B(B0
s → J/ψφ, φ→ K+K−)

= 20%. (2)

The J/ψf0 state is pure CP odd and could also be used to measure CP violation. LHCb searched for and made
the first observation of J/ψf0(980) decays [35] using a 36 pb−1 data sample that was subsequently confirmed
by other experiments [36, 37]. R is observed to be very close to the original estimate. Recently LHCb updated
the original result with 378 pb−1 pb [38]. Fig. 19(a) shows the J/ψπ+π− candidate mass distribution for events
with π+π− masses within ±90 MeV of 980 MeV, while Fig. 19(b) shows the π+π− mass distribution for events

within ±20 MeV of the B
0

s candidate mass peak. There is sharp peak at the f0(980) mass and an excess of
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Figure 19: (a) The invariant mass of J/ψπ+π− combinations when the π+π− pair is required to be within ±90 MeV of
the f0(980) mass. The data have been fit with a signal double-Gaussian function and several background functions. The
thin (red) solid line shows the signal, the long-dashed (brown) line the combinatoric background, the dashed (green) line

the B+ background, the dotted (blue) line the B
0 → J/ψK

∗0
background, the dash-dot line (purple) the B0 → J/ψπ+π−

background, the very small in level dotted line (black) the sum of Bs → J/ψη′ and J/ψφ backgrounds, and the thick-solid
(black) line the total. (b) The invariant mass of π+π− combinations (points) and a fit to the π+π+ +π−π− data (dashed

line) for events in the B
0
s signal region.

events at larger masses. Measurement of the angular distributions confirms the spin-0 nature of the events in
the f0 peak. The higher mass region between 1200 and 1600 MeV is a mixture of spin-0 and spin-2.

The CDF collaboration measures the lifetime of this final state assuming small CP violation. The average B
0

s

lifetime is 1.43±0.04 ps [9]. The lifetime for this CP odd state is predicted to be larger. CDF finds a lifetime
of 1.70+0.12

−0.11 ± 0.03 ps. The fits to their data are shown in Fig. 20.

LHCb now provides the first look at the entire K+K− mass spectrum in B
0

s → J/ψK+K−. The B
0

s candidate
mass spectrum is shown in Fig. 21(a). Selecting the events separately in the signal and background regions the
K+K− mass spectrum is plotted in Fig. 21(b).

Backgrounds across the entire mass region are small. There is a large peak at the φ mass, no surprise, but
there is also a significant peak at 1525 MeV that when fit to a Breit-Wigner shape gives a mass of 1525±4 MeV
and a width of 90+16

−14 MeV, where the uncertainties are statistical only. A fit to the decay angular distributions
shows consistency with a spin-2 resonance. Thus LHCb takes this as the known spin-2 f ′2(1525) resonance. The
effective rate is

R
f ′
2

effective ≡
B(B0

s → J/ψf ′2(1525), f ′2(1525)→ K+K−)

B(B0
s → J/ψφ, φ→ K+K−)

= (19.4± 1.8± 1.1)%

for
∣∣m(K+K−)− 1525 MeV

∣∣ < 125 MeV. (3)

These events, in principle, could also be used to measure CP violation.
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3.6. The X(4140)

CDF has reported not only the discovery of the B− → J/ψφK− final state but also observation of a peak
consistent with their mass resolution that decays into J/ψφ [40]. The CDF data are shown in Fig. 22(a) and (b).
Existence of such a an exotic state could change current ideas on meson spectroscopy. The LHCb collaboration
also has looked at these decays using 376 pb−1, but unfortunately not seen such evidence [41]. The LHCb data
are shown in Fig. 22(c) and (d). LHCb has approximately 3 times the number of such B− decays. The dashed
curve in (d) indicates the expected signal if the rate was that seen by CDF.
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3.7. New b-baryons and Decays

Spectroscopy studies of b-baryons has recently produced new results. These are shown in Fig. 23. CDF has
discovered the Ξ0

b baryon via its decay into Ξ+
c π
− [42]. CDF has also observed the rare process Λ0

b → Λµ+µ−

[43], similar to the previously discussed B− → K
∗0
µ+µ−. LHCb has made the first observation of the process

Λ0
b → D0pK− which could provide an alternate way of measuring the CP violating angle γ [44].

3.8. Search for Majorana Neutrinos

Majorana neutrinos are distinct from SM fermions, as they are their own anti-particles. Discovery of such
states would be revolutionary. It is possible to look for these objects in heavy flavor decays [45]. Two searches
have been recently performed in B meson decays. The process shown in Fig. 24(a) is analogous to neutrinoless
double-β decay in nuclei. It was searched for by Belle who found upper limits on the branching fractions for
B− → D+e+e+, D+e+µ+ and D+µ+µ+ of 2.6× 10−6, 1.8× 10−6, and 1.0× 10−6, respectively at 90% cl. This
process probes all neutrino masses as the neutrino is virtual [46].

Another search was done by LHCb for B− → π+µ−µ− using the process shown in Fig. 24(b). They found an
upper limit of < 4.5× 10−8 at 90% cl. This limit can be translated to an upper limit on the neutrino coupling
|Vµ4|2 as a function of neutrino mass, using the relations in [45]. This is shown in Fig. 25. However, this is only
an approximate relationship as the experimental efficiency does vary with neutrino mass and this has not been
taken into account.

There have also been searches for higher mass objects decaying into like-sign dileptons that could arise, for
example, from real W− decays into Majorana neutrinos [47–49].
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3.9. Lepton Flavor Violation

NP can also be seen by observing lepton decays that would violate lepton flavor conservation. τ− decays to
`hh, Λh, Λh, µγ and µµµ have been searched for and limits approaching the 10−8 level have been set [50, 51].

The most impressive limits on a rare lepton violating process has been set by the MEG experiment for the
decay µ+ → e+γ. The experiment uses stopped µ+ and then they look for an e+ and γ, correlated in time,
back to back in angle, and each with an energy half of the µ+ mass. Their data for 2009 are shown in Fig. 26
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[50, 52]. A small signal is indicated in the 2009 data which led to the setting of a two sided limit. The 2010
data, however, don’t show this feature and only an upper limit of 1.7× 10−12 is set at 90% cl. Combining both
data samples, MEG sets a limit of 2.4× 10−12. This is a very impressive limit indeed.
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Figure 26: MEG data for 2009 in (a-c) and 2010 (d-f). (a) and (d) show the e+ energy verus the γ energy, (b) and (e)
the time difference between the e+ and γ detection versus the angle between them, and (c) and (f) show the assigned
limits.

4. Conclusions

Heavy Flavor experiments have begun searching for and limiting New Physics. New results are expected soon,
especially in b and c decays at the LHC with the 2011 data and beyond. LHCb, the first experiment designed
to measure b and c quark decays at a hadron collider will contribute greatly in the near future, with important
contributions from CMS and ATLAS. The experiments have demonstrated their capabilities.

New experimental initiatives are progressing. BES III has begun to take data at the ψ(3770) resonance [53]
and should have results out soon that will surpass the work of CLEO-c. Super B factories have been approved
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at KEK and in Italy [54]. An LHCb upgrade is being planned that will allow data to be collected at 5 times
the current rate and will allow for a doubling of hadronic B decay trigger efficiencies [55].

Heavy Flavor Physics is now very sensitive to physics beyond the Standard Model. We shall see if the the
first NP discoveries come from this sector or high energy searches. In either case, the study of heavy flavors
will serve to distinguish the type of new physics and play a major role in categorizing it.
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