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Indirect observations of “new physics” have historically been the portal used 
to predict the existence of particles before experiments with sufficient energy 
to produce them have existed.

As a famous example, consider 
the β decay of the neutron: 1 GeV 
phenomenology reveals physics 
at 100 GeV.  

M~1GeV

M~80GeV
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Indirect Observation
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QED&QCD conserve 
quark flavor making weak 

physics clearly visible.
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Indirect Observation
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At its core, flavor physics involves searching for new physics by performing 
precise tests of the SM in reactions that do not preserve quark flavor.
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Focus on where O(100 TeV) particles can make significant contributions:
❖ ΔA  : compare rates vs SM;

❖ Δφ  : compare φ vs SM or “same” φ in different reactions;

❖ δA   : compare distributions vs SM.
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Model-independent limits on new particles can be set using all quark-flavor-
changing-current data.
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The “C” are the Wilson coefficients and “O” are local operators of all possible 
Lorentz structure, e.g., (V-A)[qq’]*V(ll’), (V+A)[qq’]*S(ll’),...

In principle sensitive to any mass scale (limited by experiment/theory 
precision).

operator product expansion
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The Large Hadron Collider
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Where?
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Flavor factory

❖known initial state makes it 
possible to reconstruct “invisible” 
decays via missing E,p;

❖ low-background.

❖ large signal rates;

❖ access to all hadron types;

❖  possibility for “parasitic” data 
taking.

Hadron Collider

In summary: These are complimentary; it’s best to have both!  For some 
things dedicated experiments are required, e.g., μ→e, rare K decays, etc.

pro:

con:
❖ lower signal rates;

❖ access to specific hadron types.

pro:

con:
❖ unknown initial state;

❖ background!
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The size of a BSM amplitude is inversely proportional to the BSM mass scale, 
so we want to focus on measuring processes where a small amplitude can 
cause a measurable effect (and also where we know the SM prediction).
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Figure 1 | Feynman diagrams related to the B0
s ! µ+µ� decay: (a) ⇡+ meson decay

through charged-current process; (b) B+ meson decay through charged-current process; (c)
forbidden B0

s

decay through flavour changing neutral current process; (d) and (e) higher-order
flavour changing neutral current processes for the B0

s

! µ+µ� decay allowed in the SM; and
(f) and (g) examples of processes for the same decay in theories extending the SM, where new
particles, denoted as X0 and X+, can alter the decay rate.

+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are “first generation” or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B+ meson is similar to the ⇡+, except that the light d antiquark is replaced by
the heavy “third generation” beauty (b) antiquark, which has a charge of +1/3 and a
mass of ⇠5GeV/c2 (about five times the mass of a proton). The decay B+ ! µ+⌫, rep-
resented in Fig. 1b, is allowed but its branching fraction is highly suppressed because of

2

rate∝ 
2

+ + [?] + ...

no tree-level 
amplitude in 

SM

The SM predicts the Bs (bound s-b) decays into two muons once every 3.4B 
decays (about 1/1.6 trillion pp collisions at LHCb).
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Bd,s→μ+μ-

How would BSM affect these decay rates?  That depends on the BSM mass 
scale and what quark flavor-changing currents exist in the theory.

SM BF(Bs→μ+μ-)x109

B
F(

B
d→
μ+
μ-

)x
10

9

pre-LHC limit
David Straub

E.g., this plot shows various SUSY predictions prior to LHC running.

arXiv:1107.0266
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Bd,s→μ+μ-

]2c [MeV/−µ+µm
5000 5200 5400 5600 5800

)2 c
S/

(S
+B

) w
ei

gh
te

d 
ca

nd
. /

 (4
0 

M
eV

/

0

10

20

30

40

50

60 Data
Signal and background

−µ+µ →s
0B

−µ+µ →0B
Combinatorial bkg.
Semileptonic bkg.
Peaking bkg.

CMS and LHCb (LHC run I)

Figure 2 | Weighted distribution of the dimuon invariant mass for all categories.
Superimposed on the data points in black are the combined fit (solid blue) and its components:
the B0

s

(yellow shaded) and B0 (light-blue shaded) signal components; the combinatorial back-
ground (dash-dotted green); the sum of the semileptonic backgrounds (dotted salmon); and the
peaking backgrounds (dashed violet).

parameters in the fit are considered as nuisance parameters. Those for which additional
knowledge is available are constrained to be near their estimated values by using Gaussian
penalties with their estimated uncertainties while the others are free to float in the fit.
The ratio of the hadronisation probability into B+ and B0

s

mesons and the branching
fraction of the normalisation channel B+ ! J/ K+ are common, constrained parameters.
Candidate decays are categorised according to whether they were detected in CMS or
LHCb and to the value of the relevant BDT discriminant. In the case of CMS, they are
further categorised according to the data-taking period, and, because of the large variation
in mass resolution with angle, whether the muons are both produced at large angles
relative to the proton beams (central-region) or at least one muon is emitted at small
angle relative to the beams (forward-region). An unbinned extended maximum likelihood
fit to the dimuon invariant-mass distribution, in a region of about ±500MeV/c2 around
the B0

s

mass, is performed simultaneously in all categories (twelve categories from CMS
and eight from LHCb). Likelihood contours in the plane of the parameters of interest,
B(B0 ! µ+µ�) versus B(B0

s

! µ+µ�), are obtained by constructing the test-statistic
�2�lnL from the di↵erence in log-likelihood values between fits with fixed values for the
parameters of interest and the nominal fit. For each of the two branching fractions, a one-
dimensional profile likelihood scan is likewise obtained by fixing only the single parameter
of interest and allowing the other to vary during the fits. Additional fits are performed
where the parameters under consideration are the ratio of the branching fractions relative

to their SM predictions, S
B

0
(s)

SM

⌘ B(B0

(s)

! µ+µ�)/B(B0

(s)

! µ+µ�)
SM

, or the ratio R of

6

Bs
Bd

After 30 years of searching for these decays, both LHCb and CMS crossed the 
4σ significance threshold in Run 1 for the Bs decay.

CMS and LHCb combined our results to obtain >6σ for the Bs decay and >3σ 
for the Bd decay.

CMS&LHCb [CMS-BPH-13-007,LHCB-PAPER-2014-049]
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Bd,s→μ+μ-

LHCb&CMS results are consistent with 
the SM expectations, but there is some 
small tension (luckily Run 2 is almost 
here).
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Figure 3 | Likelihood contours in the B(B0 ! µ+µ�) versus B(B0
s ! µ+µ�) plane.

The (black) cross on panel (a) marks the best-fit central value. The SM expectation and its un-
certainty is shown as the (red) marker. Each contour encloses a region approximately correspond-
ing to the reported confidence level. Variations of the test statistic �2�lnL for B(B0

s

! µ+µ�)
and B(B0 ! µ+µ�) are shown on panels (b) and (c), respectively. The dark and light (cyan)
areas define the ±1� and ±2� confidence intervals for the branching fraction, respectively. The
SM prediction and its uncertainty for each branching fraction is denoted with the vertical (red)
band.

the two branching fractions.
The combined fit result is shown for all 20 categories in Extended Data Fig. 1. To

represent the result of the fit in a single dimuon invariant mass spectrum, the mass
distributions of all categories, weighted according to values of S/(S + B), where S is the
expected number of B0

s

signal and B is the number of background events under the B0

s

peak
in that category, are added together and shown in Fig. 2. The result of the simultaneous
fit is overlaid. An alternative representation of the fit to the dimuon invariant mass
distribution for the six categories with the highest S/(S + B) value for CMS and LHCb,
as well as displays of events with high probability to be genuine signal decays, are shown
in the Extended Data Figs. 2–4.

The combined fit leads to the measurements

B(B0

s

! µ+µ�) =
�
2.8 +0.7

�0.6

�
⇥ 10�9 and

B(B0 ! µ+µ�) =
�
3.9 +1.6

�1.4

�
⇥ 10�10,

where the uncertainties include both statistical and systematic sources, the latter con-
tributing 35% and 18% of the total uncertainty for the B0

s

and B0 signals, respectively.
Using Wilks’ theorem28, the statistical significance in unit of standard deviations, �, is
computed to be 6.2 for the B0

s

! µ+µ� decay mode and 3.2 for the B0 ! µ+µ� mode.
For each signal the null hypothesis that is used to compute the significance includes all
background components predicted by the SM as well as the other signal, whose branching

7

fraction is allowed to vary freely. The median expected significances assuming the SM
branching fractions are 7.4 � and 0.8 � for the B0

s

and B0 modes, respectively. Likelihood
contours for B(B0

s

! µ+µ�) versus B(B0 ! µ+µ�) are shown in Fig. 3. One-dimensional
likelihood scans for both decay modes are displayed in the same figure. In addition to
the likelihood scan, the statistical significance and confidence intervals for the B0 branch-
ing fractions are determined using simulated experiments. This determination yields a
significance of 3.0 � for a B0 signal with respect to the same null hypothesis described
above. Following the Feldman–Cousins29 procedure, ±1 � and ±2 � confidence intervals
for B(B0 ! µ+µ�) of [2.5, 5.6] ⇥ 10�10 and [1.4, 7.4] ⇥ 10�10 are obtained, respectively
(see Extended Data Fig. 5).

The fit for the ratios of the branching fractions relative to their SM predictions yields

SB

0
s

SM

= 0.76 +0.20

�0.18

and SB

0

SM

= 3.7 +1.6

�1.4

. Associated likelihood contours and one-dimensional
likelihood scans are shown in the Extended Data Fig. 6. The measurements are compatible
with the SM branching fractions of the B0

s

! µ+µ� and B0 ! µ+µ� decays at the
1.2 � and 2.2 � level, respectively, when computed from the one-dimensional hypothesis
tests. Finally, the fit for the ratio of branching fractions yields R = 0.14 +0.08

�0.06

, which is
compatible with the SM at the 2.3 � level. The one-dimensional likelihood scan for this
parameter is shown in Fig. 4.

The combined analysis of data from CMS and LHCb, taking advantage of their full
statistical power, establishes conclusively the existence of the B0

s

! µ+µ� decay and
provides an improved measurement of its branching fraction. This concludes a search that
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Figure 4 | Variation of the test statistic �2�lnL as a function of the ratio of branch-
ing fractions R ⌘ B(B0 ! µ+µ�)/B(B0

s ! µ+µ�). The dark and light (cyan) areas
define the ±1� and ±2� confidence intervals for R, respectively. The value and uncertainty for
R predicted in the SM, which is the same in BSM theories with the minimal flavour violation
(MFV) property, is denoted with the vertical (red) band.

8

Bs→μμ

Bd→μμ

Bd→μμ
Bs→μμ

CMS&LHCb [CMS-BPH-13-007,LHCB-PAPER-2014-049]
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Bd,s→μ+μ-

LHCb+CMS 
Excluded

SM

Rules out large regions of SUSY parameter space.

LHCb  |
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The mass scale probed depends on how BSM contributes.  The highest mass 
scales are probed in diagrams that aren’t otherwise suppressed.

If BSM affects this process, it must also affect other processes.  The game is 
to find all discrepancies (and agreement) with the SM, then solve the puzzle 
(i.e., figure out how to explain all the results in a single (new SM) model).

LHCb  |
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Figure 1 | Feynman diagrams related to the B0
s ! µ+µ� decay: (a) ⇡+ meson decay

through charged-current process; (b) B+ meson decay through charged-current process; (c)
forbidden B0

s

decay through flavour changing neutral current process; (d) and (e) higher-order
flavour changing neutral current processes for the B0

s

! µ+µ� decay allowed in the SM; and
(f) and (g) examples of processes for the same decay in theories extending the SM, where new
particles, denoted as X0 and X+, can alter the decay rate.

+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are “first generation” or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B+ meson is similar to the ⇡+, except that the light d antiquark is replaced by
the heavy “third generation” beauty (b) antiquark, which has a charge of +1/3 and a
mass of ⇠5GeV/c2 (about five times the mass of a proton). The decay B+ ! µ+⌫, rep-
resented in Fig. 1b, is allowed but its branching fraction is highly suppressed because of
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+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are “first generation” or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B+ meson is similar to the ⇡+, except that the light d antiquark is replaced by
the heavy “third generation” beauty (b) antiquark, which has a charge of +1/3 and a
mass of ⇠5GeV/c2 (about five times the mass of a proton). The decay B+ ! µ+⌫, rep-
resented in Fig. 1b, is allowed but its branching fraction is highly suppressed because of

2

loops (could be MFV or not) tree (requires FV)
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Lepton Universality
In the SM only the Higgs boson has non-universal lepton couplings.  This 
results in SM predictions of nearly unity for various decay-rate ratios.

RK @ LHCb (most systematic effects cancel in double ratio)

LHCb  |

Test of Lepton Universality Using Bþ → Kþlþl− Decays

R. Aaij et al.*

(LHCb Collaboration)
(Received 25 June 2014; published 6 October 2014)

A measurement of the ratio of the branching fractions of the Bþ → Kþμþμ− and Bþ → Kþeþe− decays
is presented using proton-proton collision data, corresponding to an integrated luminosity of 3.0 fb−1,
recorded with the LHCb experiment at center-of-mass energies of 7 and 8 TeV. The value of the ratio of
branching fractions for the dilepton invariant mass squared range 1 < q2 < 6 GeV2=c4 is measured to be
0.745þ0.090

−0.074 ðstatÞ $ 0.036ðsystÞ. This value is the most precise measurement of the ratio of branching
fractions to date and is compatible with the standard model prediction within 2.6 standard deviations.

DOI: 10.1103/PhysRevLett.113.151601 PACS numbers: 11.30.Hv

The decay Bþ → Kþlþl−, where l represents either a
muon or an electron, is a b → s flavor-changing neutral
current process. Such processes are highly suppressed in the
standard model (SM) as they proceed through amplitudes
involving electroweak loop (penguin and box) diagrams.
This makes the branching fraction of Bþ → Kþlþl− (the
inclusion of charge conjugate processes is implied through-
out this Letter.) decays highly sensitive to the presence of
virtual particles that are predicted to exist in extensions of the
SM [1]. The decay rate of Bþ → Kþμþμ− has been
measured by LHCb to a precision of 5% [2] and, although
the current theoretical uncertainties in the branching fraction
areOð30%Þ [3], these largely cancel in asymmetries or ratios
of Bþ → Kþlþl− observables [2,4].
Owing to the equality of the electroweak couplings of

electrons and muons in the SM, known as lepton univer-
sality, the ratio of the branching fractions of Bþ →
Kþμþμ− to Bþ → Kþeþe− decays [5] is predicted to be
unity within an uncertainty ofOð10−3Þ in the SM [1,6]. The
ratio of the branching fractions is particularly sensitive to
extensions of the SM that introduce new scalar or pseu-
doscalar interactions [1]. Models that contain a Z0 boson
have recently been proposed to explain measurements of
the angular distribution and branching fractions of B0 →
K%0μþμ− and Bþ → Kþμþμ− decays [7]. These types of
models can also affect the relative branching fractions of
Bþ → Kþlþl− decays if the Z0 boson does not couple
equally to electrons and muons.
Previous measurements of the ratio of branching frac-

tions from eþe− colliders operating at the ϒð4SÞ resonance
have measured values consistent with unity with a precision
of 20%–50% [8]. This Letter presents the most precise
measurement of the ratio of branching fractions and the

corresponding branching fraction B (Bþ → Kþeþe−) to
date. The data used for these measurements are recorded in
proton-proton (p p) collisions and correspond to 3.0 fb−1

of integrated luminosity, collected by the LHCb experiment
at center-of-mass energies of 7 and 8 TeV.
The value of RK within a given range of the dilepton

mass squared from q2min to q2max is given by

RK ¼

R q2max
q2min

dΓ½Bþ→Kþμþμ−(
dq2 dq2

R q2max
q2min

dΓ½Bþ→Kþeþe−(
dq2 dq2

; ð1Þ

where Γ is the q2 -dependent partial width of the decay. We
report a measurement of RK for 1 < q2 < 6 GeV2=c4. This
range is both experimentally and theoretically attractive as
it excludes the Bþ → J=ψð→ lþl−ÞKþ resonant region,
and precise theoretical predictions are possible. The high q2

region, above the ψð2SÞ resonance, is affected by broad
charmonium resonances that decay to lepton pairs [9].
The value of RK is determined using the ratio of the

relative branching fractions of the decays Bþ → Kþlþl−

and Bþ → J=ψð→ lþl−ÞKþ, with l ¼ e and μ, respec-
tively. This takes advantage of the large Bþ → J=ψKþ

branching fraction to cancel potential sources of systematic
uncertainty between the Bþ → Kþlþl− and Bþ →
J=ψð→ lþl−ÞKþ decays as the efficiencies are correlated
and the branching fraction to Bþ → J=ψKþ is known
precisely [10]. This is achieved by using the same selection
for Bþ → Kþlþl− and Bþ → J=ψð→ lþl−ÞKþ decays
for each leptonic final state and by assuming lepton
universality in the branching fractions of J=ψ mesons to
the μþμ− and eþe− final states [10]. In terms of measured
quantities, RK is written as

RK ¼
!
N Kþμþμ−

N Kþeþe−

"!
N J=ψðeþe−ÞKþ

N J=ψðμþμ−ÞKþ

"

×
!
ϵKþeþe−

ϵKþμþμ−

"!
ϵJ=ψðμþμ−ÞKþ

ϵJ=ψðeþe−ÞKþ

"
; ð2Þ
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the contribution from K⇡ S-wave under the K⇤0 peak [154–156]. It will also be

possible to determine CP asymmetries for each of the angular terms; these can

then be used to constrain the imaginary parts of the Wilson coe�cients. Other

B! V `+`� decays, such as B0
s ! �µ+µ�, will provide additional constraints.

3.4 Non-universal lepton couplings

In the SM, with the notable exception of the Higgs boson, particles couple equally

to the di↵erent flavours of lepton. The ratio of decay rates

RH ⌘ �[B! Hµ+µ�]

�[B! He+e�]
(28)

where H = K,K⇤, Xs, etc., is therefore expected to di↵er from unity only due

to tiny Higgs penguin contributions and phase space di↵erences [157]. Using the

full Run I dataset, LHCb measured in the q2 range 1 < q2 < 6GeV2/c4 [158]

RK [1, 6] = 0.745+0.090
�0.074 (stat)± 0.036 (syst) , (29)

which di↵ers from the SM expectation of RK = 1.0003 ± 0.0001 [144] by 2.6�.

Although not yet at the level of significance that qualifies as “evidence”, this

result has prompted theoretical speculation concerning possible sources of lepton

non-universality, as discussed further in Sec. 4. Since results from BaBar on

B! D(⇤)⌧⌫ decays [159,160] also hint at violation of universality, this is a highly

topical area.

3.5 Null tests

Null tests of the SM, i.e. searches for signals that are absent or vanishingly small

in the SM, are valuable for several reasons. Observation of such a process would

not only provide a smoking gun signature of BSM physics, but would also indicate

SM prediction
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standard model (SM) as they proceed through amplitudes
involving electroweak loop (penguin and box) diagrams.
This makes the branching fraction of Bþ → Kþlþl− (the
inclusion of charge conjugate processes is implied through-
out this Letter.) decays highly sensitive to the presence of
virtual particles that are predicted to exist in extensions of the
SM [1]. The decay rate of Bþ → Kþμþμ− has been
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the current theoretical uncertainties in the branching fraction
areOð30%Þ [3], these largely cancel in asymmetries or ratios
of Bþ → Kþlþl− observables [2,4].
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electrons and muons in the SM, known as lepton univer-
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Kþμþμ− to Bþ → Kþeþe− decays [5] is predicted to be
unity within an uncertainty ofOð10−3Þ in the SM [1,6]. The
ratio of the branching fractions is particularly sensitive to
extensions of the SM that introduce new scalar or pseu-
doscalar interactions [1]. Models that contain a Z0 boson
have recently been proposed to explain measurements of
the angular distribution and branching fractions of B0 →
K%0μþμ− and Bþ → Kþμþμ− decays [7]. These types of
models can also affect the relative branching fractions of
Bþ → Kþlþl− decays if the Z0 boson does not couple
equally to electrons and muons.
Previous measurements of the ratio of branching frac-

tions from eþe− colliders operating at the ϒð4SÞ resonance
have measured values consistent with unity with a precision
of 20%–50% [8]. This Letter presents the most precise
measurement of the ratio of branching fractions and the

corresponding branching fraction B (Bþ → Kþeþe−) to
date. The data used for these measurements are recorded in
proton-proton (p p) collisions and correspond to 3.0 fb−1

of integrated luminosity, collected by the LHCb experiment
at center-of-mass energies of 7 and 8 TeV.
The value of RK within a given range of the dilepton

mass squared from q2min to q2max is given by
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dΓ½Bþ→Kþμþμ−(
dq2 dq2

R q2max
q2min

dΓ½Bþ→Kþeþe−(
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where Γ is the q2 -dependent partial width of the decay. We
report a measurement of RK for 1 < q2 < 6 GeV2=c4. This
range is both experimentally and theoretically attractive as
it excludes the Bþ → J=ψð→ lþl−ÞKþ resonant region,
and precise theoretical predictions are possible. The high q2

region, above the ψð2SÞ resonance, is affected by broad
charmonium resonances that decay to lepton pairs [9].
The value of RK is determined using the ratio of the

relative branching fractions of the decays Bþ → Kþlþl−

and Bþ → J=ψð→ lþl−ÞKþ, with l ¼ e and μ, respec-
tively. This takes advantage of the large Bþ → J=ψKþ

branching fraction to cancel potential sources of systematic
uncertainty between the Bþ → Kþlþl− and Bþ →
J=ψð→ lþl−ÞKþ decays as the efficiencies are correlated
and the branching fraction to Bþ → J=ψKþ is known
precisely [10]. This is achieved by using the same selection
for Bþ → Kþlþl− and Bþ → J=ψð→ lþl−ÞKþ decays
for each leptonic final state and by assuming lepton
universality in the branching fractions of J=ψ mesons to
the μþμ− and eþe− final states [10]. In terms of measured
quantities, RK is written as

RK ¼
!
N Kþμþμ−

N Kþeþe−

"!
N J=ψðeþe−ÞKþ

N J=ψðμþμ−ÞKþ

"

×
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standard model (SM) as they proceed through amplitudes
involving electroweak loop (penguin and box) diagrams.
This makes the branching fraction of Bþ → Kþlþl− (the
inclusion of charge conjugate processes is implied through-
out this Letter.) decays highly sensitive to the presence of
virtual particles that are predicted to exist in extensions of the
SM [1]. The decay rate of Bþ → Kþμþμ− has been
measured by LHCb to a precision of 5% [2] and, although
the current theoretical uncertainties in the branching fraction
areOð30%Þ [3], these largely cancel in asymmetries or ratios
of Bþ → Kþlþl− observables [2,4].
Owing to the equality of the electroweak couplings of

electrons and muons in the SM, known as lepton univer-
sality, the ratio of the branching fractions of Bþ →
Kþμþμ− to Bþ → Kþeþe− decays [5] is predicted to be
unity within an uncertainty ofOð10−3Þ in the SM [1,6]. The
ratio of the branching fractions is particularly sensitive to
extensions of the SM that introduce new scalar or pseu-
doscalar interactions [1]. Models that contain a Z0 boson
have recently been proposed to explain measurements of
the angular distribution and branching fractions of B0 →
K%0μþμ− and Bþ → Kþμþμ− decays [7]. These types of
models can also affect the relative branching fractions of
Bþ → Kþlþl− decays if the Z0 boson does not couple
equally to electrons and muons.
Previous measurements of the ratio of branching frac-

tions from eþe− colliders operating at the ϒð4SÞ resonance
have measured values consistent with unity with a precision
of 20%–50% [8]. This Letter presents the most precise
measurement of the ratio of branching fractions and the

corresponding branching fraction B (Bþ → Kþeþe−) to
date. The data used for these measurements are recorded in
proton-proton (p p) collisions and correspond to 3.0 fb−1

of integrated luminosity, collected by the LHCb experiment
at center-of-mass energies of 7 and 8 TeV.
The value of RK within a given range of the dilepton

mass squared from q2min to q2max is given by
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where Γ is the q2 -dependent partial width of the decay. We
report a measurement of RK for 1 < q2 < 6 GeV2=c4. This
range is both experimentally and theoretically attractive as
it excludes the Bþ → J=ψð→ lþl−ÞKþ resonant region,
and precise theoretical predictions are possible. The high q2

region, above the ψð2SÞ resonance, is affected by broad
charmonium resonances that decay to lepton pairs [9].
The value of RK is determined using the ratio of the

relative branching fractions of the decays Bþ → Kþlþl−

and Bþ → J=ψð→ lþl−ÞKþ, with l ¼ e and μ, respec-
tively. This takes advantage of the large Bþ → J=ψKþ

branching fraction to cancel potential sources of systematic
uncertainty between the Bþ → Kþlþl− and Bþ →
J=ψð→ lþl−ÞKþ decays as the efficiencies are correlated
and the branching fraction to Bþ → J=ψKþ is known
precisely [10]. This is achieved by using the same selection
for Bþ → Kþlþl− and Bþ → J=ψð→ lþl−ÞKþ decays
for each leptonic final state and by assuming lepton
universality in the branching fractions of J=ψ mesons to
the μþμ− and eþe− final states [10]. In terms of measured
quantities, RK is written as

RK ¼
!
N Kþμþμ−
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differs from 1 only due to H penguin 
diagrams and phase space

due to different final-state particle kinematic distributions
in the resonant and nonresonant dilepton mass region.
The dependence of the particle identification on the

kinematic distributions contributes a systematic uncer-
tainty of 0.2% to the value of RK. The efficiency
associated with the hardware trigger on Bþ →
J=ψð→ eþe−ÞKþ and Bþ → Kþeþe− decays depends
strongly on the kinematic properties of the final state
particles and does not entirely cancel in the calculation of
RK , due to different electron and muon trigger thresholds.
The efficiency associated with the hardware trigger is
determined using simulation and is cross-checked using
Bþ → J=ψð→ eþe−ÞKþ and Bþ → J=ψð→ μþμ−ÞKþ

candidates in the data, by comparing candidates triggered
by the kaon or leptons in the hardware trigger to
candidates triggered by other particles in the event.
The largest difference between data and simulation in
the ratio of trigger efficiencies between the Bþ →
Kþlþl− and Bþ → J=ψð→ lþl−ÞKþ decays is at the
level of 3%, which is assigned as a systematic uncertainty
on RK . The veto to remove misidentification of kaons as
electrons contains a similar dependence on the chosen
binning scheme and a systematic uncertainty of 0.6% on
RK is assigned to account for this.
Overall, the efficiency to reconstruct, select, and identify

an electron is around 50% lower than the efficiency for a
muon. The total efficiency in the range 1 < q2 <
6 GeV2=c4 is also lower for Bþ → Kþlþl− decays than
the efficiency for the Bþ → J=ψð→ lþl−ÞKþ decays, due
to the softer lepton momenta in this q2 range.

The ratio of efficiency-corrected yields of Bþ → Kþeþe−

to Bþ → J=ψð→ eþe−ÞKþ is determined separately for
each type of hardware trigger and then combined with the
ratio of efficiency-corrected yields for the muon decays. RK

is measured to have a value of 0.72þ0.09
−0.08ðstatÞ$0.04ðsystÞ,

1.84þ1.15
−0.82ðstatÞ$0.04ðsystÞ, and 0.61þ0.17

−0.07ðstatÞ$0.04ðsystÞ
for dielectron events triggered by electrons, the kaon, or
other particles in the event, respectively. Sources of system-
atic uncertainty are assumed to be uncorrelated and are
added in quadrature. Combining these three independent
measurements of RK and taking into account correlated
uncertainties from the muon yields and efficiencies, gives

RK ¼ 0.745þ0.090
−0.074ðstatÞ $ 0.036ðsystÞ:

The dominant sources of systematic uncertainty are due to
the parametrization of the Bþ → J=ψð→ eþe−ÞKþ mass
distribution and the estimate of the trigger efficiencies that
both contribute 3% to the value of RK.
The branching fraction of Bþ → Kþeþe− is determined

in the region from 1 < q2 < 6 GeV2=c4 by taking the ratio
of the branching fraction from Bþ → Kþeþe− and Bþ →
J=ψð→ eþe−ÞKþ decays and multiplying it by the mea-
sured value of B (Bþ → J=ψKþ) and J=ψ → eþe− [10].
The value obtained is BðBþ → Kþeþe−Þ ¼
½1.56þ0.19

−0.15ðstatÞ
þ0.06
−0.04ðsystÞ' × 10−7. This is the most precise

measurement to date and is consistent with the SM
expectation.
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FIG. 2. Mass distributions with fit projections overlaid of selected Bþ → J=ψð→ eþe−ÞKþ candidates triggered in the hardware
trigger by (a) one of the two electrons, (b) by the Kþ, and (c) by other particles in the event. Mass distributions with fit projections
overlaid of selected Bþ → Kþeþe− candidates in the same categories, triggered by (d) one of the two electrons, (e) the Kþ, and (f) by
other particles in the event. The total fit model is shown in black, the combinatorial background component is indicated by the dark
shaded region and the background from partially reconstructed b -hadron decays by the light shaded region.
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We recently presented an update of the earlier mea-
surement [14] based on the full BABAR data sample [17].
This update included improvements to the event recon-
struction that increased the signal efficiency by more
than a factor of 3. In the following, we describe the anal-
ysis in greater detail, present the distributions of some
important kinematic variables, and expand the interpre-
tation of the results.

We choose to reconstruct only the purely leptonic de-
cays of the τ lepton, τ− → e−νeντ and τ− → µ−νµντ ,
so that B → D(∗)τ−ντ and B → D(∗)#−ν" decays are
identified by the same particles in the final state. This
leads to the cancellation of various detection efficiencies
and the reduction of related uncertainties on the ratios
R(D(∗)).

Candidate events originating from Υ (4S) → BB de-
cays are selected by fully reconstructing the hadronic de-
cay of one of the B mesons (Btag), and identifying the
semileptonic decay of the other B by a charm meson
(charged or neutral D or D∗ meson), a charged lepton
(either e or µ) and the missing momentum and energy in
the whole event.

Yields for the signal decays B → D(∗)τ−ντ and the
normalization decays B → D(∗)#−ν" are extracted by an
unbinned maximum-likelihood fit to the two-dimensional
distributions of the invariant mass of the undetected par-
ticles m2

miss = p2miss = (pe+e−−pBtag −pD(∗)−p")2 (where
pe+e− , pBtag , pD(∗) , and p" refer to the four-momenta of
the colliding beams, the Btag, the D(∗), and the charged
lepton, respectively) versus the lepton three-momentum
in the B rest frame, |p∗

" |. The m2
miss distribution for de-

cays with a single missing neutrino peaks at zero, whereas
signal events, which have three missing neutrinos, have a
broad m2

miss distribution that extends to about 9GeV2.
The observed lepton in signal events is a secondary par-
ticle from the τ decay, so its |p∗

" | spectrum is softer than
for primary leptons in normalization decays.

The principal sources of background originate fromBB
decays and from continuum events, i.e., e+e− → ff(γ)
pair production, where f = u, d, s, c, τ . The yields and
distributions of these two background sources are derived
from selected data control samples. The background de-
cays that are most difficult to separate from signal decays
come from semileptonic decays to higher-mass, excited
charm mesons, since they can produce similar m2

miss and
|p∗

" | values to signal decays and their branching fractions
and decay properties are not well known. Thus, their
impact on the signal yield is examined in detail.

The choice of the selection criteria and fit configura-
tion are based on samples of simulated and data events.
To avoid bias in the determination of the signal yield,
the signal region was blinded for data until the analysis
procedure was settled.

b c

q q

ντ

τ
−

}D(∗)
B{

W−/H−

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

II. THEORY OF B → D(∗)τ−ντ DECAYS

A. Standard Model

Given that leptons are not affected by quantum chro-
modynamic (QCD) interactions (see Fig. 1), the matrix
element of B → D(∗)τ−ντ decays can be factorized in
the form [5]

Mλτ

λ
D(∗)

(q2, θτ ) =
GFVcb√

2

∑

λW

ηλW
Lλτ

λW
(q2, θτ )H

λ
D(∗)

λW
(q2),

(2)

where Lλτ

λW
and H

λ
D(∗)

λW
are the leptonic and hadronic

currents defined as

Lλτ

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

H
λ
D(∗)

λW
(q2) ≡ ε∗µ(λW )

〈

D(∗) |c γµ(1− γ5) b|B
〉

. (4)

Here, the indices λ refer to the helicities of the W , D(∗),
and τ , q = pB−pD(∗) is the four-momentum of the virtual
W , and θτ is the angle between the τ and the D(∗) three-
momenta measured in the rest frame of the virtual W .
The metric factor η in Eq. 2 is η{±,0,s} = {1, 1,−1},
where λW = ±, 0, and s refer to the four helicity states
of the virtual W boson (s is the scalar state which, of
course, has helicity 0).
The leptonic currents can be calculated analytically

with the standard framework of electroweak interactions.
In the rest frame of the virtual W (W ∗), they take the
form [18]:

L−
± = −2

√

q2vd±, L+
± = ∓

√
2mτvd0, (5)

L−
0 = −2

√

q2vd0, L+
0 =

√
2mτv(d+ − d−), (6)

L−
s = 0, L+

s = −2mτv, (7)

with

v =

√

1−
m2

τ

q2
, d± =

1± cos θτ√
2

, d0 = sin θτ . (8)

Given that the average q2 in B → D(∗)τ−ντ decays is
about 8 GeV2, the fraction of τ− leptons with positive
helicity is about 30% in the SM.
Due to the nonperturbative nature of the QCD inter-

action at this energy scale, the hadronic currents cannot
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If the LHCb result is due to BSM, then other similar ratios (e.g., involving tau 
leptons) should also show discrepancies.

Belle results show similar excess but are less precise, hopefully they will be 
updated to the final Belle I data set soon.
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Based on the full BABAR data sample, we report improved measurements of the ratios R(D) =
B(B → Dτ−ντ )/B(B → D#−ν") and R(D∗) = B(B → D∗τ−ντ )/B(B → D∗#−ν"), where # refers to
either an electron or muon. These ratios are sensitive to new physics contributions in the form of a
charged Higgs boson. We measure R(D) = 0.440±0.058±0.042 and R(D∗) = 0.332±0.024±0.018,
which exceed the Standard Model expectations by 2.0σ and 2.7σ, respectively. Taken together, the
results disagree with these expectations at the 3.4σ level. This excess cannot be explained by a
charged Higgs boson in the type II two-Higgs-doublet model. Kinematic distributions presented
here exclude large portions of the more general type III two-Higgs-doublet model, but there are
solutions within this model compatible with the results.

PACS numbers: 13.20.He, 14.40.Nd, 14.80.Da

I. INTRODUCTION

In the Standard Model (SM), semileptonic decays of
B mesons proceed via first-order electroweak interactions
and are mediated by the W boson [1–3]. Decays involv-
ing electrons and muons are expected to be insensitive to
non-SM contributions and therefore have been the bases
of the determination of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements |Vcb| and |Vub| [4]. Decays in-
volving the higher-mass τ lepton provide additional in-
formation on SM processes and are sensitive to addi-
tional amplitudes, such as those involving an interme-
diate charged Higgs boson [5–9]. Thus, they offer an ex-
cellent opportunity to search for this and other non-SM
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contributions.
Over the past two decades, the development of heavy-

quark effective theory (HQET) and precise measurements
of B → D(∗)"−ν! decays [10] at the B factories [11, 12]
have greatly improved our understanding of exclusive
semileptonic decays. The relative rates

R(D) =
B(B → Dτ−ντ )

B(B → D"−ν!)
, R(D∗) =

B(B → D∗τ−ντ )

B(B → D∗"−ν!)
(1)

are independent of the CKM element |Vcb| and also, to
a large extent, of the parameterization of the hadronic
matrix elements. SM expectations [9] for the ratios
R(D) and R(D∗) have uncertainties of less than 6% and
2%, respectively. Calculations [5–9] based on two-Higgs-
doublet models predict a substantial impact on the ratio
R(D), and a smaller effect on R(D∗) due to the spin of
the D∗ meson.
The decay B → D∗τ−ντ was first observed in 2007

by the Belle Collaboration [13]. Since then, both BABAR

and Belle have published improved measurements, and
have found evidence for B → Dτ−ντ decays [14–16]. Up
to now, the measured values for R(D) and R(D∗) have
consistently exceeded the SM expectations, though the
significance of the excess is low due to the large statistical
uncertainties.

Lepton Universality
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FIG. 17. (Color online). Representation of χ2 (Eq. 30) in
the R(D)–R(D∗) plane. The white cross corresponds to the
measured R(D(∗)), and the black cross to the SM predictions.
The shaded bands represent one standard deviation each.

distribution in the R(D)–R(D∗) plane. The contours are
ellipses slightly rotated with respect to the R(D)–R(D∗)
axes, due to the non-zero correlation.
For the assumption that R(D(∗))th = R(D(∗))SM, we

obtain χ2 = 14.6, which corresponds to a probability
of 6.9 × 10−4. This means that the possibility that the
measured R(D) and R(D∗) both agree with the SM pre-
dictions is excluded at the 3.4σ level [42]. Recent calcu-
lations [7, 8, 43, 44] have resulted in values of R(D)SM
that slightly exceed our estimate. For the largest of those
values, the significance of the observed excess decreases
to 3.2σ.

B. Search for a charged Higgs

To examine whether the excess in R(D(∗)) can be ex-
plained by contributions from a charged Higgs boson in
the type II 2HDM, we study the dependence of the fit
results on tanβ/mH+ .
For 20 values of tanβ/mH+ , equally spaced in the

[0.05, 1.00]GeV−1 range, we recalculate the eight signal
PDFs, accounting for the charged Higgs contributions as
described in Sec. II. Figure 18 shows the m2

miss and |p∗
! |

projections of the D0τν ⇒ D0& PDF for four values of
tanβ/mH+ . The impact of charged Higgs contributions
on the m2

miss distribution mirrors those in the q2 distri-
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FIG. 18. (Color online). m2
miss and |p∗

! | projections of the
D0τν ⇒ D0$ PDF for various values of tanβ/mH+ .

0 0.5 1

100

105

110

0 0.5 1

100

105

110 0 0.5 1
200

400

600

0 0.5 1
800

900

1000

ε(
B

→
D

(∗
)
τ
−
ν
τ
)/
ε S

M
(%

)

B
→

D
(∗

)
τ
−
ν
τ
y
ie
ld

tanβ/mH+ (GeV−1)tanβ/mH+ (GeV−1)

FIG. 19. (Color online). Left: Variation of the B → Dτ−ντ

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

bution, see Fig. 3, because of the relation

m2
miss =

(

pe+e− − pBtag − pD(∗) − p!
)2

= (q − p!)
2 ,

The changes in the |p∗
! | distribution are due to the change

in the τ polarization.
We recalculate the value of the efficiency ratio

εsig/εnorm as a function of tanβ/mH+ (see Fig. 19).
The efficiency increases up to 8% for large values of
tanβ/mH+ , and, as we noted earlier, its uncertainty in-
creases due to the larger dispersion of the weights in the
2HDM reweighting.
The variation of the fitted signal yields as a function

of tanβ/mH+ is also shown in Fig. 19. The sharp drop in
the B → Dτ−ντ yield at tanβ/mH+ ≈ 0.4GeV−1 is due
to the large shift in the m2

miss distribution which occurs
when the Higgs contribution begins to dominate the total
rate. This shift is also reflected in the q2 distribution and,
as we will see in the next section, the data do not support
it. The change of the B → D∗τ−ντ yield, mostly caused
by the correlation with the B → Dτ−ντ sample, is much
smaller.
Figure 20 compares the measured values of R(D) and

R(D∗) in the context of the type II 2HDM to the theoret-
ical predictions as a function of tanβ/mH+ . The increase
in the uncertainty on the signal PDFs and the efficiency
ratio as a function of tanβ/mH+ are taken into account.
Other sources of systematic uncertainty are kept constant
in relative terms.
The measured values of R(D) and R(D∗) match

the predictions of this particular Higgs model for
tanβ/mH+ = 0.44±0.02GeV−1 and tanβ/mH+ = 0.75±
0.04GeV−1, respectively. However, the combination of
R(D) and R(D∗) excludes the type II 2HDM charged
Higgs boson at 99.8% confidence level for any value of
tanβ/mH+ , as illustrated in Fig. 21. This calculation is
only valid for values of mH+ greater than 15GeV [5, 8].
The region for mH+ ≤ 15GeV has already been excluded
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FIG. 20. (Color online). Comparison of the results of this
analysis (light band, blue) with predictions that include a
charged Higgs boson of type II 2HDM (dark band, red). The
widths of the two bands represent the uncertainties. The SM
corresponds to tanβ/mH+ = 0.
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FIG. 21. (Color online). Level of disagreement between this
measurement of R(D(∗)) and the type II 2HDM predictions
for all values in the tanβ–mH+ parameter space.

by B → Xsγ measurements [22], and therefore, the type
II 2HDM is excluded in the full tanβ–mH+ parameter
space.
The excess in both R(D) and R(D∗) can be explained

in more general charged Higgs models [44–47]. The ef-
fective Hamiltonian for a type III 2HDM is

Heff =
4GFVcb√

2

[

(cγµPLb) (τγ
µPLντ )

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

, (31)

where SL and SR are independent complex parameters,
and PL,R ≡ (1 ∓ γ5)/2. This Hamiltonian describes the
most general type of 2HDM for which m2

H+ % q2.
In this context, the ratios R(D(∗)) take the form

R(D) = R(D)SM +A
′

DRe(SR + SL) +B
′

D|SR + SL|2,

R(D∗) = R(D∗)SM +A
′

D∗Re(SR − SL) +B
′

D∗ |SR − SL|2.

The sign difference arises because B → Dτ−ντ decays
probe scalar operators, while B → D∗τ−ντ decays are
sensitive to pseudo-scalar operators.
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FIG. 22. (Color online). Favored regions for real values of the
type III 2HDM parameters SR and SL given by the measured
values of R(D(∗)). The bottom two solutions are excluded by
the measured q2 spectra.

The type II 2HDM corresponds to the subset of
the type III 2HDM parameter space for which SR =
−mbmτ tan2β/m2

H+ and SL = 0.
The R(D(∗)) measurements in the type II 2HDM con-

text correspond to values of SR±SL in the range [−7.4, 0].
Given that the amplitude impacted by NP contributions
takes the form

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

we can extend the type II results to the full type III
parameter space by using the values of R(D(∗)) ob-
tained with Hs(SR ± SL) for Hs(−SR ∓ SL). Given the
small tanβ/mH+ dependence of R(D∗) (Fig. 20), this
is a good approximation for B → D∗τ−ντ decays. For
B → Dτ−ντ decays, this is also true when the decay am-
plitude is dominated either by SM or NP contributions,
that is, for small or large values of |SR+SL|. The shift in
the m2

miss and q2 spectra, which results in the 40% drop
on the value ofR(D) shown in Fig. 20, occurs in the inter-
mediate region where SM and NP contributions are com-
parable. In this region, Hs(SR + SL) )= Hs(−SR − SL),
and, as a result, the large drop in R(D) is somewhat
shifted. However, given that the asymptotic values of
R(D) are correctly extrapolated, R(D) is monotonous,
and the measured value of R(D∗) is fairly constant, the
overall picture is well described by the Hs(SR ± SL) ≈
Hs(−SR ∓ SL) extrapolation.
Figure 22 shows that for real values of SR and SL,

there are four regions in the type III parameter space
that can explain the excess in both R(D) and R(D∗).
In addition, a range of complex values of the parameters
are also compatible with this measurement.

C. Study of the q2 spectra

As shown in Sec. II B, the q2 spectrum of B → Dτ−ντ
decays could be significantly impacted by charged Higgs
contributions. Figure 23 compares the q2 distribution of
background subtracted data, corrected for detector effi-
ciency, with the expectations of three different scenarios.

BaBar PUB-13/001 Type II Higgs Exclusion



Mike Williams 16

More Leptons
Can also look for BSM effects in annihilation-type decays:

Consistent with the SM at about the 1σ level (and with enhanced coupling to tau leptons.)
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We report a measurement of the branching fraction of B+
→ τ+ντ decays using a data sample

of 772 × 106BB̄ pairs, collected at the Υ(4S) resonance with the Belle detector at the KEKB
asymmetric-energy e+e− collider. We reconstruct the accompanying B meson in a semileptonic
decay and detect the B+

→ τ+ντ candidate in the recoiling event. We obtain a branching fraction
of B(B+

→ τ+ντ ) = [1.25± 0.28(stat.)± 0.27(syst.)]× 10−4. This result is in good agreement with
previous measurements and the expectation from calculations based on the Standard Model.

PACS numbers: 13.20.He, 14.40.Nd

In the Standard Model (SM) the branching fraction of
the purely leptonic decay B+ → τ+ντ [1] is given by

B(B+ → τ+ντ )SM =
G2

FmBm2
τ

8π

(

1−
m2

τ

m2
B

)2

f2
B|Vub|2τB,

(1)
where GF is the Fermi coupling constant, Vub the
Cabibbo-Kobayashi-Maskawa matrix element, mB and
mτ the masses of the B meson and the τ lepton, re-
spectively, τB the lifetime of the B meson, and fB the
B-meson decay constant. The branching fraction depen-
dends on the mass of the lepton strongly by the factor
m2

τ because of the helicity suppression and weakly by the
phase space factor (1−m2

τ/m
2
B)

2. Therefore B+ → τ+ντ
is expected to be the highest purely leptonic branching

fraction of the B+ meson and is the only decay of this
kind which has been measured with a significance of more
than three standard deviations. All of the inputs of Eq. 1
are measured or, in the case of fB, can be obtained using
the methods of lattice quantum chromodynamics. An
independent estimation of the branching fraction, which
uses Vub = (3.70 ± 0.12 ± 0.26) × 10−3, fBs

= (225.6 ±
1.1± 5.4) MeV, and fBs

/fBd
= 1.205± 0.004± 0.007 as

input, gives B(B+ → τ+ντ ) = (0.753+0.102
−0.052)× 10−4 [2].

Physics beyond the SM, such as the presence of ad-
ditional charged Higgs bosons, could constructively or
destructively interfere with the SM weak decay process.
Measurements by the BaBar [3, 4] and Belle [5] col-
laborations showed a slight disagreement with the SM
expectation, but the most recent measurement by the

7

Source Relative Uncertainty (%)

Histogram PDF shapes 8.5
Continuum description 14.1
Signal reconstruction efficiency 0.6
Background branching fractions 3.1
Efficiency calibration 12.6
τ decay branching fractions 0.2
Best candidate selection 0.4
Charged track reconstruction 0.4
π0 reconstruction 1.1
Particle identification 0.5
Charged track veto 1.9
Number of BB̄ pairs 1.4
Total 22.0

TABLE III. List of systematic errors.

potheses asuming zero signal events.
In summary, we report the measurement of the branch-

ing fraction of B+ → τ+ντ decays using a sample of
772×106 BB̄ pairs, which we analyzed with the semilep-
tonic tagging method. We measure it to be

B(B+ → τ+ντ ) = [1.25±0.28(stat.)±0.27(syst.)]×10−4

with a significance of 3.8σ. This result supersedes the
previous measurement of the Belle collaboration [5]. It
is consistent with previous measurements and with the
SM expectation. We plan to combine this result with
the recent measurement of the Belle collaboration using
hadronic tagging [6] taking into account all relevant cor-
relations of systematic errors.
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We recently presented an update of the earlier mea-
surement [14] based on the full BABAR data sample [17].
This update included improvements to the event recon-
struction that increased the signal efficiency by more
than a factor of 3. In the following, we describe the anal-
ysis in greater detail, present the distributions of some
important kinematic variables, and expand the interpre-
tation of the results.

We choose to reconstruct only the purely leptonic de-
cays of the τ lepton, τ− → e−νeντ and τ− → µ−νµντ ,
so that B → D(∗)τ−ντ and B → D(∗)#−ν" decays are
identified by the same particles in the final state. This
leads to the cancellation of various detection efficiencies
and the reduction of related uncertainties on the ratios
R(D(∗)).

Candidate events originating from Υ (4S) → BB de-
cays are selected by fully reconstructing the hadronic de-
cay of one of the B mesons (Btag), and identifying the
semileptonic decay of the other B by a charm meson
(charged or neutral D or D∗ meson), a charged lepton
(either e or µ) and the missing momentum and energy in
the whole event.

Yields for the signal decays B → D(∗)τ−ντ and the
normalization decays B → D(∗)#−ν" are extracted by an
unbinned maximum-likelihood fit to the two-dimensional
distributions of the invariant mass of the undetected par-
ticles m2

miss = p2miss = (pe+e−−pBtag −pD(∗)−p")2 (where
pe+e− , pBtag , pD(∗) , and p" refer to the four-momenta of
the colliding beams, the Btag, the D(∗), and the charged
lepton, respectively) versus the lepton three-momentum
in the B rest frame, |p∗

" |. The m2
miss distribution for de-

cays with a single missing neutrino peaks at zero, whereas
signal events, which have three missing neutrinos, have a
broad m2

miss distribution that extends to about 9GeV2.
The observed lepton in signal events is a secondary par-
ticle from the τ decay, so its |p∗

" | spectrum is softer than
for primary leptons in normalization decays.

The principal sources of background originate fromBB
decays and from continuum events, i.e., e+e− → ff(γ)
pair production, where f = u, d, s, c, τ . The yields and
distributions of these two background sources are derived
from selected data control samples. The background de-
cays that are most difficult to separate from signal decays
come from semileptonic decays to higher-mass, excited
charm mesons, since they can produce similar m2

miss and
|p∗

" | values to signal decays and their branching fractions
and decay properties are not well known. Thus, their
impact on the signal yield is examined in detail.

The choice of the selection criteria and fit configura-
tion are based on samples of simulated and data events.
To avoid bias in the determination of the signal yield,
the signal region was blinded for data until the analysis
procedure was settled.
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II. THEORY OF B → D(∗)τ−ντ DECAYS

A. Standard Model

Given that leptons are not affected by quantum chro-
modynamic (QCD) interactions (see Fig. 1), the matrix
element of B → D(∗)τ−ντ decays can be factorized in
the form [5]
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Here, the indices λ refer to the helicities of the W , D(∗),
and τ , q = pB−pD(∗) is the four-momentum of the virtual
W , and θτ is the angle between the τ and the D(∗) three-
momenta measured in the rest frame of the virtual W .
The metric factor η in Eq. 2 is η{±,0,s} = {1, 1,−1},
where λW = ±, 0, and s refer to the four helicity states
of the virtual W boson (s is the scalar state which, of
course, has helicity 0).
The leptonic currents can be calculated analytically

with the standard framework of electroweak interactions.
In the rest frame of the virtual W (W ∗), they take the
form [18]:
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Given that the average q2 in B → D(∗)τ−ντ decays is
about 8 GeV2, the fraction of τ− leptons with positive
helicity is about 30% in the SM.
Due to the nonperturbative nature of the QCD inter-

action at this energy scale, the hadronic currents cannot
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lepton, respectively) versus the lepton three-momentum
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cays with a single missing neutrino peaks at zero, whereas
signal events, which have three missing neutrinos, have a
broad m2

miss distribution that extends to about 9GeV2.
The observed lepton in signal events is a secondary par-
ticle from the τ decay, so its |p∗

" | spectrum is softer than
for primary leptons in normalization decays.

The principal sources of background originate fromBB
decays and from continuum events, i.e., e+e− → ff(γ)
pair production, where f = u, d, s, c, τ . The yields and
distributions of these two background sources are derived
from selected data control samples. The background de-
cays that are most difficult to separate from signal decays
come from semileptonic decays to higher-mass, excited
charm mesons, since they can produce similar m2

miss and
|p∗

" | values to signal decays and their branching fractions
and decay properties are not well known. Thus, their
impact on the signal yield is examined in detail.

The choice of the selection criteria and fit configura-
tion are based on samples of simulated and data events.
To avoid bias in the determination of the signal yield,
the signal region was blinded for data until the analysis
procedure was settled.
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and τ , q = pB−pD(∗) is the four-momentum of the virtual
W , and θτ is the angle between the τ and the D(∗) three-
momenta measured in the rest frame of the virtual W .
The metric factor η in Eq. 2 is η{±,0,s} = {1, 1,−1},
where λW = ±, 0, and s refer to the four helicity states
of the virtual W boson (s is the scalar state which, of
course, has helicity 0).
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helicity is about 30% in the SM.
Due to the nonperturbative nature of the QCD inter-
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b → s  Penguins
The LHCb RK result was from b→s “penguin” decays 
where loop suppression in the SM permits BSM 
contributions to be sizable. Unlike RK, however, most 
observables require control of the hadronic SM calculation.

BSM?

The B(s) → K(φ)μμ family of decays provide many sensitive observables 
(accessible via angular analysis) to measure.

SM calculations need 
B→K form factors

LHCb  |
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Bd → K*μ+μ-
LH

C
b-PAPER

-2013-019 [1304.6325]

Many observables here show consistency with the SM while probing the O(10 TeV) scale.

LHCb  |

So many observables, so little time
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Figure 4. Fraction of longitudinal polarisation of the K⇤0, FL, dimuon system forward-backward
asymmetry, AFB and the angular observables S3 and A9 from the B0 ! K⇤0µ+µ� decay as a
function of the dimuon invariant mass squared, q2. The lowest q2 bin has been corrected for the
threshold behaviour described in section 7.2. The experimental data points overlay the SM predic-
tion described in the text. A rate average of the SM prediction across each q2 bin is indicated by
the dark (purple) rectangular regions. No theory prediction is included for A9, which is vanishingly
small in the SM.

expected to be suppressed by the size of the strong phases and be close to zero in every q2

bin. A
FB

has also been cross-checked by performing a counting experiment in bins of q2.

A consistent result is obtained in every bin.

7.2 Angular distribution at large recoil

In the previous section, when fitting the angular distribution, it was assumed that the

muon mass was small compared to that of the dimuon system. Whilst this assumption is

valid for q2 > 2GeV2/c4, it breaks down in the 0.1 < q2 < 2.0GeV2/c4 bin. In this bin,

the angular terms receive an additional q2 dependence, proportional to

1� 4m2

µ/q
2

1 + 2m2

µ/q
2

or
(1� 4m2

µ/q
2)1/2

1 + 2m2

µ/q
2

, (7.1)

depending on the angular term Ij [1].

As q2 tends to zero, these threshold terms become small and reduce the sensitivity

to the angular observables. Neglecting these terms leads to a bias in the measurement
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fitting eq. 7.4 directly for A
S

and F
S

as uncorrelated variables. For the B0 ! K⇤0J/ 

control mode, the gain in statistical precision is approximately a factor of three.

Due to the limited number of signal candidates that are available in each of the q2

bins, the bins are merged in order to estimate the S-wave fraction. In the range 0.1 <

q2 < 19GeV2/c4, F
S

= 0.03 ± 0.03, which corresponds to an upper limit of F
S

< 0.04 at

68% confidence level (CL). The procedure has also been performed in the region 1 < q2 <

6GeV2/c4, where both F
L

and F
S

are expected to be enhanced. This gives F
S

= 0.04±0.04

and an upper limit of F
S

< 0.07 at 68% CL. In order to be conservative, F
S

= 0.07 is used

to estimate a systematic uncertainty on the di↵erential branching fraction and angular

analyses. The B0! K⇤0J/ data has been used to validate the method.

For the di↵erential branching fraction analysis, F
S

scales the observed branching frac-

tion by up to 7%. For the angular analysis, F
S

dilutes A
FB

, S
3

and A
9

. The impact on

F
L

however, is less easy to disentangle. To assess the possible size of a systematic bias,

pseudo-experiments have been carried out generating with, and fitting without, the S-wave

contribution in the likelihood fit. The typical bias on the angular observables due to the

S-wave is 0.01� 0.03.

8 Forward-backward asymmetry zero-crossing point

In the SM, A
FB

changes sign at a well defined value of q2, q2
0

, whose prediction is largely

free from form-factor uncertainties [3]. It is non-trivial to estimate q2
0

from the angular fits

to the data in the di↵erent q2 bins, due to the large size of the bins involved. Instead, A
FB

can be estimated by counting the number of forward-going (cos ✓` > 0) and backward-going

(cos ✓` < 0) candidates and q2
0

determined from the resulting distribution of A
FB

(q2).

The q2 distribution of the forward- and backward-going candidates, in the range 1.0 <

q2 < 7.8GeV2/c4, is shown in figure 6. To make a precise measurement of the zero-crossing

point a polynomial fit, P (q2), is made to the q2 distributions of these candidates. The

K+⇡�µ+µ� invariant mass is included in the fit to separate signal from background. If

P
F

(q2) describes the q2 dependence of the forward-going, and P
B

(q2) the backward-going

signal decays, then

A
FB

(q2) =
P
F

(q2)� P
B

(q2)

P
F

(q2) + P
B

(q2)
. (8.1)

The zero-crossing point of A
FB

is found by solving for the value of q2 at which A
FB

(q2)

is zero.

Using third-order polynomials to describe both the q2 dependence of the signal and

the background, the zero-crossing point is found to be

q2
0

= 4.9± 0.9GeV2/c4 .

The uncertainty on q2
0

is determined using a bootstrapping technique [45]. The zero-

crossing point is largely independent of the polynomial order and the q2 range that is

used. This value is consistent with SM predictions, which are typically in the range 3.9�
4.4GeV2/c4 [46–48] and have relative uncertainties below the 10% level, for example, q2

0

=

4.36+0.33
�0.31GeV2/c4 [47].
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Figure 2. Invariant mass distributions of K+⇡�µ+µ� candidates in the six q2 bins used in the
analysis. The candidates have been weighted to account for the detector acceptance (see text). Con-
tributions from exclusive (peaking) backgrounds are negligible after applying the vetoes described
in section 4.

the di↵erential branching fraction. The calculation of the bands is described in ref. [26].2

In the low q2 region, the calculations are based on QCD factorisation and soft collinear

e↵ective theory (SCET) [28], which profit from having a heavy B0 meson and an energetic

K⇤0 meson. In the soft-recoil, high q2 region, an operator product expansion in inverse

b-quark mass (1/mb) and 1/
p

q2 is used to estimate the long-distance contributions from

quark loops [29, 30]. No theory prediction is included in the region close to the narrow

cc resonances (the J/ and  (2S)) where the assumptions from QCD factorisation, SCET

2A consistent set of SM predictions, averaged over each q2 bin, have recently also been provided by the

authors of ref. [27].
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q2 (GeV2/c4) N
sig

dB/dq2 (10�7GeV�2c4)

0.10� 2.00 140± 13 0.60± 0.06± 0.05± 0.04+0.00
�0.05

2.00� 4.30 73± 11 0.30± 0.03± 0.03± 0.02+0.00
�0.02

4.30� 8.68 271± 19 0.49± 0.04± 0.04± 0.03+0.00
�0.04

10.09� 12.86 168± 15 0.43± 0.04± 0.04± 0.03+0.00
�0.03

14.18� 16.00 115± 12 0.56± 0.06± 0.04± 0.04+0.00
�0.05

16.00� 19.00 116± 13 0.41± 0.04± 0.04± 0.03+0.00
�0.03

1.00� 6.00 197± 17 0.34± 0.03± 0.04± 0.02+0.00
�0.03

Table 1. Signal yield (Nsig) and di↵erential branching fraction (dB/dq2) of the B0 ! K⇤0µ+µ�

decay in the six q2 bins used in this analysis. Results are also presented in the 1 < q2 < 6GeV2/c4

range where theoretical uncertainties are best controlled. The first and second uncertainties are
statistical and systematic. The third uncertainty comes from the uncertainty on the B0! K⇤0J/ 
and J/ ! µ+µ� branching fractions. The final uncertainty on dB/dq2 comes from an estimate of
the pollution from non-K⇤0 B0! K+⇡�µ+µ� decays in the 792 < m(K+⇡�) < 992MeV/c2 mass
window (see section 7.3.2).
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Figure 3. Di↵erential branching fraction of the B0! K⇤0µ+µ� decay as a function of the dimuon
invariant mass squared. The data are overlaid with a SM prediction (see text) for the decay (light-
blue band). A rate average of the SM prediction across each q2 bin is indicated by the dark (purple)
rectangular regions. No SM prediction is included in the region close to the narrow cc resonances.

and the operator product expansion break down. The treatment of this region is discussed

in ref. [31]. The form-factor calculations are taken from ref. [32]. A dimensional estimate

is made of the uncertainty on the decay amplitudes from QCD factorisation and SCET of

O(⇤
QCD

/mb) [33]. Contributions from light-quark resonances at large recoil (low q2) have

been neglected. A discussion of these contributions can be found in ref. [34]. The same

techniques are employed in calculations of the angular observables described in section 7.
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Figure 1. Distribution of µ+µ� versus K+⇡�µ+µ� invariant mass of selected B0 ! K⇤0µ+µ�

candidates. The vertical lines indicate a ±50MeV/c2 signal mass window around the nominal
B0 mass. The horizontal lines indicate the two veto regions that are used to remove J/ and
 (2S) ! µ+µ� decays. The B0 ! K⇤0µ+µ� signal is clearly visible outside of the J/ and
 (2S)! µ+µ� windows.

mance between the data and simulation. Sources of background that are not reduced to a

negligible level by the pre- and multivariate-selections are described below.

The decays B0 ! K⇤0J/ and B0 ! K⇤0 (2S), where J/ and  (2S) ! µ+µ�,

are removed by rejecting candidates with 2946 < m(µ+µ�) < 3176MeV/c2 and 3586 <

m(µ+µ�) < 3766MeV/c2. These vetoes are extended downwards by 150MeV/c2 in

m(µ+µ�) for B0 ! K⇤0µ+µ� candidates with masses 5150 < m(K+⇡�µ+µ�) <

5230MeV/c2 to account for the radiative tails of the J/ and  (2S) mesons. They are

also extended upwards by 25MeV/c2 for candidates with masses above the B0 mass to ac-

count for the small percentage of J/ or  (2S) decays that are misreconstructed at higher

masses. The J/ and  (2S) vetoes are shown in figure 1.

The decay B0! K⇤0J/ can also form a source of peaking background if the kaon or

pion is misidentified as a muon and swapped with one of the muons from the J/ decay.

This background is removed by rejecting candidates that have a K+µ� or ⇡�µ+ invariant

mass (where the kaon or pion is assigned the muon mass) in the range 3036 < m(µ+µ�) <

3156MeV/c2 if the kaon or pion can also be matched to hits in the muon stations. A similar

veto is applied for the decay B0! K⇤0 (2S).

The decay B0

s ! �µ+µ�, where �! K+K�, is removed by rejecting candidates if the

K+⇡� mass is consistent with originating from a �! K+K� decay and the pion is kaon-like

according to the RICH detectors. A similar veto is applied to remove ⇤0

b! ⇤⇤(1520)µ+µ�

(⇤⇤(1520)! pK�) decays.

– 6 –

10 6 Results

lations are taken from Ref. [53], and a dimensional estimate is made of the uncertainty from the
expansion corrections [27]. Other recent SM calculations [15, 17–19] give similar results, with
the largest variations found in the uncertainty estimates and the differential branching fraction
value. Between the J/y and y0 resonances, reliable theoretical predictions are not available.
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Figure 4: Results of the measurement of FL (left) and AFB (right) versus q2. The statistical
uncertainty is shown by inner error bars, while the outer error bars give the total uncertainty.
The vertical shaded regions correspond to the J/y and y0 resonances. The other shaded regions
show the SM prediction as a continuous distribution and after rate-averaging across the q2 bins
(hSMi) to allow direct comparison to the data points. Reliable theoretical predictions between
the J/y and y0 resonances (10.09 < q2 < 12.86 GeV2) are not available.

Using the efficiency corrected yields for the signal and normalization modes (B0 ! K⇤0µ+µ�

and B0 ! K⇤0J/y) and the world-average branching fraction for the normalization mode [41],
the branching fraction for B0 ! K⇤0µ+µ� is obtained as a function of q2, as shown in Fig. 5,
together with the SM predictions. The results for AFB, FL, and dB/dq2 are also reported in
Table 2.
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Figure 5: Results of the measurement of dB/dq2 versus q2. The statistical uncertainty is shown
by inner error bars, while the outer error bars give the total uncertainty. The vertical shaded
regions correspond to the J/y and y0 resonances. The other shaded regions show the SM pre-
diction as a continuous distribution and after rate-averaging across the q2 bins (hSMi) to allow
direct comparison to the data points. Reliable theoretical predictions between the J/y and y0

resonances (10.09 < q2 < 12.86 GeV2) are not available.

The angular observables can be theoretically predicted with good control of the relevant form-
factor uncertainties in the low dimuon invariant-mass region. It is therefore interesting to
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Figure 3: Forward-backward asymmetry A

FB

, including statistical and systematic uncertainties, com-
pared to theoretical predictions [13] calculated for the limits of small values of q

2 and large values of q

2

including theoretical uncertainties .

4 Conclusion

Using 4.9 fb�1 of integrated luminosity taken at
p

s = 7 TeV at the ATLAS experiment, B

0
d

! K

⇤0µ+µ�

events have been reconstructed and the angular distribution of their final state particles measured. The
forward backward asymmetry A

FB

and the K

⇤0 longitudinal polarisation F

L

have been measured as
function of the di-muon mass squared q

2. The results obtained on A

FB

and F

L

are mostly consistent with
theoretical predictions [13] and measurements performed by other experiments [3, 4, 5, 7]. The results
for F

L

in the low q

2 bins slightly deviate from Standard Model expectations.

q

2 range (GeV2) N

sig A

FB

F

L

2.00 < q

2 < 4.30 19 ± 8 0.22 ± 0.28 ± 0.14 0.26 ± 0.18 ± 0.06

4.30 < q

2 < 8.68 88 ± 17 0.24 ± 0.13 ± 0.01 0.37 ± 0.11 ± 0.02

10.09 < q

2 < 12.86 138 ± 31 0.09 ± 0.09 ± 0.03 0.50 ± 0.09 ± 0.04

14.18 < q

2 < 16.00 32 ± 14 0.48 ± 0.19 ± 0.05 0.28 ± 0.16 ± 0.03

16.00 < q

2 < 19.00 149 ± 24 0.16 ± 0.10 ± 0.03 0.35 ± 0.08 ± 0.02

1.00 < q

2 < 6.00 42 ± 11 0.07 ± 0.20 ± 0.07 0.18 ± 0.15 ± 0.03

Table 3: Summary of the fit results for the di↵erent bins of q

2. Number of signal events N

sig from the
mass fit and its statistical uncertainty, forward backward asymmetry A

FB

and longitudinal polarisation
F

L

for di↵erent bins in q

2 including statistical and systematic uncertainties.

7

5

TABLE II. Fit results for the four q2 bins. For AFB, the first uncertainty is statistical and the second uncertainty is systematic.
AFB values predicted by the SM [4, 7] are also shown with systematic uncertainties. For the signal yields, only statistical
uncertainties are shown. The uncertainties of α and β are due to the statistical uncertainties of the MC.

1st bin 2nd bin 3rd bin 4th bin

q2 range [GeV2/c2]
(B → Xse

+e−)
[0.2,4.3]

[4.3,7.3] [10.5,11.8]
[14.3, 25.0]

(B → Xsµ
+µ−) [4.3,8.1] [10.2,12.5]

AFB 0.34 ± 0.24± 0.02 0.04 ± 0.31± 0.05 0.28 ± 0.21± 0.01 0.28 ± 0.15± 0.01
AFB (theory) −0.11± 0.03 0.13 ± 0.03 0.32 ± 0.04 0.40 ± 0.04

Nee
sig 45.6± 10.9 30.0± 9.2 25.0± 7.0 39.2± 9.6

Nµµ
sig 43.4± 9.2 23.9 ± 10.4 30.7± 9.9 62.8 ± 10.4
αee 1.289 ± 0.004 1.139 ± 0.003 1.063 ± 0.003 1.121 ± 0.003
αµµ 2.082 ± 0.010 1.375 ± 0.003 1.033 ± 0.003 1.082 ± 0.003
β 1.000 1.019 ± 0.003 1.003 ± 0.000 1.000
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FIG. 1. Mbc distributions for (a) B → Xse+e− candi-
dates with cos θ > 0, (b) B → Xse

+e− candidates with
cos θ < 0, (c) B → Xsµ

+µ− candidates with cos θ > 0, and
(d) B → Xsµ

+µ− candidates with cos θ < 0. The thicker
dashed curve (red) shows the sum of the signal and the self
cross-feed components. The thinner dashed curve (green)
shows the combinatorial background component. The filled
histogram (gray) shows the peaking background component.
The sums of all components are shown by the solid curve
(blue).

change in AFB is taken as the systematic uncertainty
for the varied parameter. Systematic uncertainties for
AFB are summarized in Table III. In the 1st and 3rd
q2 bins, the dominant systematic uncertainty arises from
the translation of Araw

FB to AFB with α and β. Even if
a MC sample with a different set of Wilson coefficients
produces the same values of AFB, the Araw

FB values and
hence the α coefficient may differ. It gives rise to an un-
certainty of the offset in the linear fit. To estimate this
uncertainty, the relation between Araw

FB and AFB are pro-
jected onto the axis perpendicular to the fitted linear line
and fitted by a Gaussian function. To estimate system-
atic uncertainties from the peaking background, the yield

of each such background is varied by its uncertainty. For
the charmonium peaking background, the yield is var-
ied by ±100%, conservatively, because it is determined
from MC events. A possible peaking background from
B → Knπ$ν(n > 0), where one pion is misidentified as a
lepton and the missing neutrino is compensated by a pion
of the other B decay, is examined. The number of events
in the whole q2 region is estimated fromMC to be 0.2±0.6
(1.1±0.7) for electron (muon) channel, and the resulting
systematic error is O(0.001). To estimate the systematic
uncertainties from signal modeling, the related param-
eters are varied. The fraction of B → K(∗)$+$− and
non-resonant B → Xs$+$− are varied within experimen-
tal uncertainties. The Fermi motion parameter is varied
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FIG. 2. Measured AFB as a function of q2. The curve
(black) with the band (red) and dashed boxes (black) rep-
resent the SM prediction while filled circles with error bars
show the fit results. The J/ψ and ψ(2S) veto regions are
shown as teal hatched regions. For the electron channel, the
pink shaded regions are added to the veto regions due to the
large bremsstrahlung effect. The uncertainty on the SM pre-
diction is estimated by varying the b-quark mass (4.80± 0.15
GeV/c2), the s-quark mass (0.20 ± 0.10 GeV/c2), and the
renormalization scale (µ = 2.5 and 5 GeV) [4, 7]. The lower
edge of the uncertainty is set to zero in the uncomputable
region.
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Bd → K*μ+μ-

However, there are a few interesting exceptions, 
e.g., angular observables constructed to have 
minimal hadronic form factor dependence show 
some discrepancy in the same di-lepton mass 
range as RK.
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FIG. 1. Observables for the decays B0 ! K⇤0µ+µ� (upper two rows) and B0
s ! �µ+µ� (bottom row; untagged averages

over the B̄0
s and B0

s distributions). The solid curves show our theoretical results in the Standard Model; the shaded areas give
the corresponding total uncertainties (with and without binning). The dashed curves correspond to the new-physics fit result
C9 = CSM

9 � 1.1, C0
9 = 1.1 (the uncertainties of the dashed curves are not shown for clarity). We also show our averages of

results from the CDF, LHCb, CMS, and ATLAS experiments [26, 50–52, 54] (note that S(LHCb)
4 = �S4 and P 0(LHCb)

4 = �P 0
4).

CNP
9 + C 0

9 < 0. For our analysis, the problem is that
resonant contributions have non-zero phases and could
in principle also interfere destructively with the nonres-
onant amplitude, perhaps causing the observed deficit in
the B0 ! K⇤0µ+µ� and B0

s

! � µ+µ� branching frac-
tions. More precise experimental results for these decays,
with smaller bin sizes, could help clarify this situation.
The baryonic decay ⇤

b

! ⇤(! p+⇡�)µ+µ� [62–64] can
also provide new constraints on C9 and C 0

9.
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Also, general trend in decay 
rates is that they are lower 
than expected for all di-muon 
b→s penguin processes.

Is this BSM or QCD artifacts?  
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Neutral mesons can oscillate between particle/anti-particle.  In the SM this is 
loop and CKM suppressed so could be affected greatly by BSM particles.
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TABLE II. Summary of systematic uncertainties on ACP .

Source (10�3)
Generic MC bias correction 1.04
MC branching fractions 0.43
Misidentified lepton corrections in dilepton events 0.77
Misidentified e correction in single electron events 0.65
Neutral/charged B di↵erence 0.74
Direct-/cascade e asymmetry di↵erence 0.44
Direct-/cascade µ asymmetry di↵erence 0.34
Background-to-signal ratios 0.68
Random forest cut e�ciency 0.08
Total 1.90

FIG. 3. (Color online) Measurements of CP asymmetry in
neutral B mixing, including this measurement (red square),
recent LHCb result [9] (teal rhombus), Refs. [4–7] (B0; green
triangles), Refs. [21, 22] (B0

s ; blue dots), and Ref. [8] (B0, B0
s

mixture; magenta contour). The vertical band is the aver-
age of Refs. [4–7] and several other older measurements (not
shown). The horizontal band is the average of Refs. [21, 22].
The world average “HFAG Spring ’14” [3] is also shown (or-
ange contour).
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CPV in Bd,s

LHCb, Belle & 
BaBar agree with 

the SM.

B
s

B
s

=
?

B
s

B
s

Bd Bd Bd Bd= ?
LHCb  |
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Bs → J/ѱhh
Interference between mixing and decay amplitudes gives rise to a CPV phase 
ɸs = ɸm - 2ɸd.   BSM could give a non-SM measurement.

J/ѱ(KK,ππ)Bs

Bs

φd

-φdφm

This phase is accessible experimentally via a time-dependent angular 
analysis to measure the time-dependent CP asymmetry.

LHCb: ɸs = -0.010±0.039; SM: ɸs = -0.036±0.002

LHCb  |
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Model-independent limits on new particles can be set using all quark-flavor-
changing-current data using the OPE:

Probing New Physics

Heff /
X

i

�
Ci
SM + Ci

BSM

�
Oi

Fitting all available data simultaneously gives the following picture:

operator product expansion

LHCb  |

❖ Constraints on |C| for (V-A)[qq’]*(V,A)(ll’) roughly < 4/3 C(SM).

❖ Constraints on |C| for (V+A)[qq’]*(V,A)(ll’) roughly same.

❖ Strong constraints on scalar, tensor, etc., operators.

Overall the data is largely consistent with the SM and global fits place 
constraints on BSM particles of about 0.5-50 TeV (depending on model).

See Blake, 
Gershon, Hiller for 

an excellent 
summary.

[1501.03309]
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We shouldn’t get too excited about a few 2-3σ discrepancies given how many 
“sensitive” flavor physics results have been published in the past few years 
(we do expect a few 3σ’s).

The optimist regards the future as 
uncertain.❝
❞Eugene Wigner

BSM?

But let’s follow Wigner’s advice and be optimists and see what this means if 
we are, in fact, seeing the first hints of BSM physics.
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Assuming the observed discrepancies are really BSM, this means that:

One viable option is a O(1-10 TeV) Z’ which in a simple model suggests the 
following triple correlation which is consistent with data.

LHCb  |

❖ BSM couples to leptonic V and/or A currents.  

❖ BSM has non-universal leptonic couplings.

❖ BSM may couple to RH quark currents.

Probing New Physics

Then the branching ratio for B+ ! K+µ±e⌥ (summed over lepton charges) is given by

B(B+ ! K+µ±e⌥) ⇠= 2⇢2
NP

����
U `

L31

U `

L32

����
2

B(B+ ! K+µ+µ�) =
�
2.16+2.54

�1.50

� ����
U `

L31

U `

L32

����
2

⇥ 10�8 , (10)

where we used B(B+ ! K+µ+µ�) = (4.29± 0.22)⇥ 10�7 for the branching ratio integrated

over q2 [8]. The current limit, B(B+ ! K+µ±e⌥) < 9.1⇥ 10�8 [32], gives the weak bound

|U `

L31/U
`

L32| <⇠ 3.7 . (11)

Because the primary interactionH
NP

is in the third generation, the decayB+ ! K+µ±⌧⌥

may be more interesting:

B(B+ ! K+µ±⌧⌥) ⇠= 2⇢2
NP

����
U `

L33

U `

L32

����
2

B(B+ ! K+µ+µ�) . (12)

The current limit, B(B+ ! K+µ±⌧⌥) < 4.8⇥ 10�5 [32], gives

|U `

L33/U
`

L32| <⇠ 85 . (13)

This is a crude estimate. It is performed by keeping only the terms proportional to |C9,10|2
in the decay rate. It also neglects the di↵erence in the q2 range and the phase space for the

µµ and µ⌧ modes. These approximations a↵ect B ! K⌧+⌧� even more. For this mode,

only the weak limit B(B ! K⌧+⌧�) < 3.3⇥ 10�3 has been set [33].

The B
s

decays to a pair of oppositely-charged leptons provide an interesting correlation

with B ! K`+`�. The only observed mode is

B(B
s

! µ+µ�)
exp

= (2.8+0.7
�0.6)⇥ 10�9 = (0.77± 0.20)⇥ B(B

s

! µ+µ�)
SM

, (14)

where the experimental value is an average of LHCb and CMS measurements with full Run I

statistics [34], while the SM value is B(B
s

! µ+µ�)
SM

= (3.65 ± 0.23) ⇥ 10�9 [35]. The

measurement is consistent with the SM prediction, but also with H
NP

in Eq. (7) and the

value of ⇢
NP

in Eq. (9). Thus, our model implies the triple correlation

R
K

⇠= B(B+ ! K+µ+µ�)
exp

B(B+ ! K+µ+µ�)
SM

⇠= B(B
s

! µ+µ�)
exp

B(B
s

! µ+µ�)
SM

. (15)

This relation identifies the numerical factor on the right of Eq. (14) with Eq. (1) and stresses

the importance of a more accurate measurement of B(B
s

! µ+µ�). The only reported LFV

limit, B(B
s

! µ±e⌥) < 1.1 ⇥ 10�8 [36], gives |U `

L31/U
`

L32| <⇠ 35, an order of magnitude

weaker than the bound 3.7 from B+ ! K+µe. We hope that searches for this mode and for

B
s

! µ⌧ in LHC Run II can provide much improved limits.2

2We have not examined the interesting possibility that phases in the o↵-diagonal Ud,` matrix elements
may induce new CP -violating e↵ects, especially in Bs decays.

4

Another option is leptoquarks which “naturally” explain non-universality in 
the lepton sector.  Both leptoquarks and Z’ may be visible directly at CMS 
and ATLAS, but only if they’re light enough.

Glashow, 
Guadagnoli, Lane 

[1411.0565]

Hiller, Schmaltz [1408.1627]



Why are these all made of matter?

How did we end up with such a huge matter/anti-matter imbalance? 
This is a mystery!
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CP Violation
Use interference b/t                            and                     to extract   .

27

(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

�

Can look for BSM by comparing to “Ɣ” from “trees” and “loops” and also this 
measurement is vital in the global CKM constraints.

LHCb  |
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CPV can be large in some processes.

206 LHCb Collaboration / Physics Letters B 712 (2012) 203–212

Fig. 2. Invariant mass distributions of selected B± → [K + K −]D h± candidates. See the caption of Fig. 1 for a full description. The contribution from Λb → Λ±
c h∓ decays is

indicated by the dashed line.

Fig. 3. Invariant mass distributions of selected B± → [π+π−]D h± candidates. See the caption of Fig. 1 for a full description.

4. Combinatoric background: A linear approximation is adequate
to describe the slope across the invariant mass spectrum con-
sidered. A common slope is used in all subsamples, though
yields vary independently.

5. Mode-specific backgrounds: In the D → K K mode, two extra
components are used to model Λ0

b → Λ+
c h− decays. Though

the total contribution is allowed to vary, the shape and relative
proportion of Λ+

c K − and Λ+
c π− are fixed. This latter quantity

is estimated at 0.060 ± 0.015, similar to the effective Cabibbo
suppression observed in B mesons. For the B± → DADS K ±

mode, the shape of the B̄0
s → D0 K +π− background is taken

from simulation. In the fit, this yield is allowed to vary though
the reported yield is consistent with the simulated expecta-
tion, as derived from the branching fraction [24] and the bb̄
hadronisation [25].

The proportion of B± → Dh± passing or failing the PID re-
quirement is determined from a calibration analysis of a large
sample of D∗± decays reconstructed as D∗± → Dπ± , D → K ∓π± .
In this calibration sample, the K and π tracks may be identi-
fied, with high purity, using only kinematic variables. This facili-
tates a measurement of the RICH-based PID efficiency as a func-
tion of track momentum, pseudorapidity and number of tracks
in the detector. By reweighting the calibration spectra in these
variables to match the events in the B± → Dπ± peak, the ef-
fective PID efficiency of the signal is deduced. This data-driven
technique finds a retention rate, for a cut of DLLKπ > 4 on
the bachelor track, of 87.6% and 3.8% for kaons and pions, re-
spectively. A 1.0% systematic uncertainty on the kaon efficiency
is estimated from simulation. The B± → Dπ± fit to data be-
comes visibly distorted with variations to the fixed PID efficiency

LHCb Collaboration / Physics Letters B 712 (2012) 203–212 207

Fig. 4. Invariant mass distributions of selected B± → [π± K ∓]D h± candidates. See the caption of Fig. 1 for a full description. The dashed line here represents the partially
reconstructed, but Cabibbo favoured, B0

s → D̄0 K −π+ and B̄0
s → D0 K +π− decays where the pions are lost. The pollution from favoured mode cross feed is drawn, but is too

small to be seen.

Table 1
Corrected event yields.

B± mode D mode B− B+

D K ± K ±π∓ 3170 ± 83 3142 ± 83
K ± K ∓ 592 ± 40 439 ± 30
π±π∓ 180 ± 22 137 ± 16
π± K ∓ 23 ± 7 73 ± 11

Dπ± K ±π∓ 40 767 ± 310 40 774 ± 310
K ± K ∓ 6539 ± 129 6804 ± 135
π±π∓ 1969 ± 69 1973 ± 69
π± K ∓ 191 ± 16 143 ± 14

> ±0.2% so this value is taken as the systematic uncertainly for
pions.

A small negative asymmetry (defined in the same sense as
Eq. (2)) is expected in the detection of K − and K + mesons due to
their different interaction lengths. A fixed value of (−0.5 ± 0.7)% is
assigned for each occurrence of strangeness in the final state. The
equivalent asymmetry for pions is expected to be much smaller
and (0.0 ± 0.7)% is assigned. This uncertainty also accounts for the
residual physical asymmetry between the left and right sides of
the detector after summing both magnet-polarity datasets. Simula-
tion of B meson production in pp collisions suggests a small excess
of B+ over B− mesons. A production asymmetry of (−0.8 ± 0.7)%
is assumed in the fit such that the combination of these estimates
aligns with the observed raw asymmetry of B± → J/ψ K ± decays
at LHCb [26]. Ongoing studies of these instrumentation asymme-
tries will reduce the associated systematic uncertainty in future
analyses.

The final B± → Dh± signal yields, after summing the events
that pass and fail the bachelor PID cut, are shown in Table 1.
The invariant mass spectra of all 16 B± → [h+h−]Dh± modes are
shown in Figs. 1–4. Regarding the B± → Dπ± mass resolution: re-
spectively, 14.1 ± 0.1, 14.2 ± 0.1 and 14.2 ± 0.2 MeV/c2 are found
for the D → K K , Kπ and ππ modes with common tail param-
eters αL = 0.115 ± 0.003 and αR = 0.083 ± 0.002. As explained
above, the B± → D K ± widths are fixed relative to these values.

The ratio of partial widths relates to the ratio of event yields
by the relative efficiency with which B± → D K ± and B± → Dπ±

Table 2
Systematic uncertainties on the observables. PID refers to the fixed efficiency of
the DLLKπ cut on the bachelor track. PDFs refers to the variations of the fixed
shapes in the fit. “Sim” refers to the use of simulation to estimate relative effi-
ciencies of the signal modes which includes the branching fraction estimates of the
Λ0

b background. Ainstr. quantifies the uncertainty on the production, interaction and
detection asymmetries.

×10−3 PID PDFs Sim Ainstr. Total

R Kπ
K/π 1.4 0.9 0.8 0 1.8

R K K
K/π 1.3 0.8 0.9 0 1.8

Rππ
K/π 1.3 0.6 0.8 0 1.7

AKπ
π 0 1.0 0 9.4 9.5

AKπ
K 0.2 4.1 0 16.9 17.4

AK K
K 1.6 1.3 0.5 9.5 9.7

Aππ
K 1.9 2.3 0 9.0 9.5

AK K
π 0.1 6.6 0 9.5 11.6

Aππ
π 0.1 0.4 0 9.9 9.9

R−
K 0.2 0.4 0 0.1 0.4

R+
K 0.4 0.5 0 0.1 0.7

R−
π 0.01 0.03 0 0.07 0.08

R+
π 0.01 0.03 0 0.07 0.07

decays are reconstructed. This ratio, estimated from simulation, is
1.012, 1.009 and 1.005 for D → K K , Kπ ,ππ respectively. A 1.1%
systematic uncertainty accounts for the imperfect modelling of the
relative pion and kaon absorption in the tracking material, though
no evidence of large imperfections are seen.

The fit is constructed such that the observables of interest are
parameters of the fit and all systematic uncertainties discussed
above enter the fit as constant numbers in the model. To evaluate
the effect of these systematic uncertainties, the fit is rerun many
times varying each of the systematic constants by its uncertainty.
The resulting spread (RMS) in the value of each observable is taken
as the systematic uncertainty on that quantity and is summarised
in Table 2. Correlations between the uncertainties are considered
negligible so the total systematic uncertainty is just the sum in
quadrature. For the ratios of partial widths in the favoured and
CP modes, the uncertainties on the PID efficiency and the rela-
tive width of the D K ± and Dπ± peaks dominate. These sources

CP Violation

process anti-process

LHCb-PAPER-2012-001 
[arXiv:1203.3662]
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CPV can be large in some processes.

CP Violation

process anti-process

LHCb-PAPER-2012-001 
[arXiv:1203.3662]

Still much work to do here to increase the precision ... need more data!
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Spectroscopy
Many exciting results in exotic spectroscopy in recent 
years have come from “flavor” experiments, e.g., first 
(unambiguous) 4-quark state observed!

Bound states containing heavy quarks are an excellent 
lab for studying QCD.

LHCb  |

parameters varied in accordance with the correlation co-
efficients) and performing the fit to the data. The maximal
deviations are considered as systematic uncertainty.

C. Efficiency and branching fractions

We use the signal density function determined from the
fits to calculate the efficiency

!0 ¼
R
Sð!Þ!ð!Þd!R

Sð!Þd! ; (11)

where !ð!Þ is the phase-space-dependent efficiency. The
reconstruction efficiency is found to be ð28:3$ 1:2Þ%. The
central value is calculated for the default model with Z%

(JP ¼ 1þ). The error includes the uncertainty in track
reconstruction efficiency (1.4%), the error from the particle
identification efficiency difference between MC and data
(3.8%) and the uncertainty due to the amplitude model
dependence (0.5%). The error due to MC statistics is
negligibly small. The efficiency includes the correction
for the difference between the particle identification
efficiency in MC and data, ð94:2$ 3:5Þ%.
Using the obtained efficiency and the branching frac-

tions of c 0 decays to eþe% and "þ"% [15], we determine

BðB0 ! c 0Kþ#%Þ 'Bðc 0 ! ‘þ‘%Þ
¼ ð9:12$ 0:30$ 0:51Þ ' 10%6

and
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FIG. 7 (color online). Projection of the fit results with the K(

veto. The legend is the same as in Fig. 6.
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FIG. 8 (color online). Projections of the fit results with
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angular variables for the entire signal region (no K( veto) in the
default model. Points with error bars are data.

TABLE IV. Model dependence of the Zð4430Þ% significance.

Model 0% 1% 1þ 2% 2þ

Without K(ð1410Þ 3:8$ 3:4$ 6:9$ 2:1$ 1:0$
Without K(

0ð1430Þ 4:9$ 3:5$ 7:4$ 1:4$ 1:0$
Without K(ð1680Þ 4:2$ 3:3$ 7:2$ 2:6$ 1:4$
With K(

3ð1780Þ 2:9$ 3:1$ 5:2$ 2:2$ 1:6$
LASS 4:3$ 3:5$ 6:2$ 2:9$ 1:6$
Partial wave amplitudes 4:6$ 3:5$ 6:8$ 2:4$ 1:8$
Free masses and widths 4:8$ 3:5$ 6:4$ 2:7$ 2:0$
Free r 4:1$ 3:7$ 6:4$ 2:4$ 1:9$
Nonresonant ampl. (S) 5:1$ 3:6$ 6:8$ 2:7$ 1:7$
Nonresonant ampl. (S,P) 5:4$ 3:6$ 6:9$ 3:0$ 2:2$
Nonresonant ampl. (S,P,D) 3:6$ 2:7$ 5:6$ 2:2$ 1:4$
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FIG. 9. Comparison of the 0% and 1þ hypotheses in the default
model. The histograms are distributions of "ð%2 lnLÞ in MC
pseudoexperiments generated in accordance with the fit results
with 0% (open histogram) and 1þ (hatched histogram) signals.
The "ð%2 lnLÞ value observed in data is indicated with an
arrow.

K. CHILIKIN et al. PHYSICAL REVIEW D 88, 074026 (2013)

074026-8

Belle
PRL 100, 142001 (2013)

Z

4541 MeV
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Figure 6. The NA48/2 preliminary upper limits at 90% CL on
the mixing parameter ε2 versus the DPmassmA′ , compared to the
other published exclusion limits from meson decay, beam dump
and e+e− collider experiments [14]. Also shown are the band
where the consistency of theoretical and experimental values of
muon g − 2 improves to ±2σ or less, and the region excluded by
the electron g − 2 measurement [3, 15].

both the kinematic suppression of the π0 → γA′ decay and
the decreasing acceptance.

The assumption of prompt DP decay that is funda-
mental to this analysis is justified a posteriori by the ob-
tained results: all upper limits on ε2m2A′ are above 6 ×
10−5 (MeV/c2)2, corresponding to maximum DP mean
paths in the NA48/2 reference frame below 10 cm (see
Section 1). The corresponding loss of efficiency of the
trigger and event selection (both relying on 3-track vertex
reconstruction) is negligible, as the typical resolution on
the vertex longitudinal coordinate in the forward NA48/2
geometry is ≈ 1 m.

6 Summary and outlook
The NA48/2 experiment at CERN was exposed to about
2 × 1011 K± decays in flight in 2003–2004. The large in-
tegrated kaon flux makes it a precision kaon by also π0
physics facility, and the studies of the π0 decay physics
with the NA48/2 data have started. Preliminary results on
dark photon search in π0 decays are reported: no signal is
observed, and the obtained upper limits on the mixing pa-
rameter ε2 improve over the world data in the mass range
10–60 MeV/c2. In particular, the limits at 90% CL are

ε2 < 10−6 for 12 MeV/c2 < mA′ < 55 MeV/c2, and the
strongest limits reach ε2 = 6 × 10−7 at mA′ ≈ 20 MeV/c2.
Combined with the other available data, this result rules
out the DP as an explanation for the muon (g−2) anomaly,
assuming DP couples to quarks and decays predominantly
into SM fermions.

The performed search for the prompt A′ → e+e− de-
cay is limited by the irreducible π0D background: the ob-
tained upper limits on ε2 in the mass range 10–60 MeV/c2
are about three orders of magnitude higher than the sin-
gle event sensitivity. The sensitivity to ε2 achievable with
the employed method scales as the inverse square root of
the integrated beam flux, and therefore this technique is
unlikely to advance much below ε2 = 10−7 in the near
future, either by improving on the NA48/2 analysis or by
exploiting larger future π0 samples (e.g. the one expected
to be collected by the NA62 experiment at CERN [16]).
On the other hand, a search for a long-lived (i.e. low mA′

and low ε2) DP produced in the π0 decay from high mo-
mentum kaon decay in flight using the displaced vertex
method would be limited by the π0D background to a lesser
extent, and its sensitivity is worth investigating.
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Flavor experiments often are the best places to look for light BSM.

dark photon limits

dark bosons that 
couple to mass
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Summary

LHCb  |

Historically in particle physics, new physics has first shown up at the precision 
frontier (beta decay, GIM, CPV,...).  Will that again be the case?

We are really now just reaching a level of sensitivity where one might expect 
“realistic” BSM effects to become significant.

flavor physics (now) flavor physics (2018)?

LHCb



❝

❞
The optimist regards the future 
as uncertain.

Eugene Wigner


