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1. Introduction

Radiative and electroweak decays of B mesons, in particular those involving the transitions
b — sy and b — s¢T¢~, have proven to be powerful probes of New Physics (NP) in the flavour
sector. These flavour-changing neutral current decays are prohibited at tree level in the SM, they
only appear in loop diagrams. This makes them an excellent laboratory for studying the effects of
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Figure 1: Lowest order SM diagrams B — X,;¢"¢~ decays (left and center) and a NP decay (right).

NP, where new particles can enter the loops and have an appreciable effect on observable quantities.
Figure 1 shows the lowest-order SM Feynman diagrams for the b — s¢* /™ transition, along with a
possible diagram in a New Physics scenario. A general review of radiative and electroweak penguin
B physics can be found in section 17.9 of reference [1].

The following sections present recent experimental results on radiative and electroweak pen-
guin B decays.

2. Search for CP violation in the decay B — Kzt 7~y

In the Standard Model, the circular polarization of photons produced in b — sy transitions
is predominantly left-handed, with right-handed photons surpressed by a factor of mg/m;,. This
means that B mesons (which contain a b anti-quark) decay mostly to right-handed photons, while
BY mesons produce mainly left-handed photons. One consequence of this is that mixing-induced
CP violation in B — fcpy decays, where fcp is a CP eigenstate, is expected to be small. This
situation is modified in NP models where photons of opposite helicity are produced [3].

The BaBar experiment has studied [2] the time-dependent CP asymmetry:

I'(B° — Kp°y) — (B — K¢p°y)

Acp(t) = = = : (2.1)
T(B® — K{p"y) + T(B® — K¢p°y)
Neglecting detector effects, the asymmetry may be written as:
Acp(t) = SKgpoYsin(AmdAt) - CKgpoycos(AmdAt), (2.2)

where At is the decay time difference of the two B mesons produced in the Y(4S) — B°B? decay

and S K0p0y and C, K0p0y are the CP-violation parameters to be measured.

Py
One particular difficulty of the analysis is separating the CP eigenstate B® — Kg py from other
modes that contribute to the B — KgnJrﬂ_y final state. Due to the large natural width of the p?,
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it is not possible to isolate the CP mode by selecting on the p mass. A full Dalitz plot analysis of
this channel is not feasible due to low statistics, so the solution adopted is to measure the effective
CP-violating parameter S Kom+a-y and relate this quantity to S K2p0y using a theoretical framework.

The expression for this “dilution factor” is as follows [4]:

SKO”+7[—
Dyo,, = ——~7 2.3
K3py SKgp"y (2.3)
2 2 2
fUAng ~[Ageen | = |Agmya- +29K(AI*)K2AK*+”-)+29{<A;KSA(K,T)6+E>]dm2
- 2 2 2
fUAng +[Akein |+ Ak +2§K(A;K§)AK*+,,)+29{<A;KgA(Kn)3+ﬂ)]dm2

Here Agp is the amplitude for the mode RP where R € {p®, K**, (K7);*} is a hadronic resonance
and P is a pseudoscalar. The last element in the above list represents a possible S-wave contribution.
These amplitudes are extracted from the isospin-related decay B* — K7t 7™y, due to the much
larger statistics available for the charged channel. This assumes that the resonant amplitudes are
the same in both modes.

The model employed for the amplitude analysis assumes the decay proceeds via BT — K7,
where K is kaon resonance above the K*(892). Five different kaon resonances are included in
the model and the contributions of each are determined from a fit to the mg+ -+~ spectrum. Since
B(K.\, — K™ n~ ") is not known for all the K5 considered, the m, spectrum is used to determine
the RP content of the K™ 7~ final state. Details of the employed models are provided in [2].

The K" "~ y invariant mass for selected events is shown in Fig. 2. A simultaneous fit to this
distribution and the distributions of AE and a Fisher discriminant determine a yield of 2441 4 104
signal events. The mg, distribution of the signal events, obtained using the Splots technique, is
also shown. The results of the amplitude analysis allow the determination of the dilution factor
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Figure 2: Left: mass distribution of Bt — K™ 777~y candidates. Right: distribution of mg;, for signal
events (obtained using the Splots technique). The blue solid curve corresponds to the total PDF fit projection.
The small-dashed red, medium-dashed green and dotted magenta curves correspond to the K*°, p® and S-
wave contributions, respectively. The dashed-dotted gray curve corresponds to the interference between
the two P-wave components, and the dashed-triple-dotted light blue curve corresponds to the interference
between the S-wave and the p°.
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(Eq. 2.3):

Dygpy = —0.781017 (24

Next, the neutral channel B® — K2ﬂ+7r_}/ is analysed. A sample of 243 &£ 31 signal events
are identified. Flavour tagging is employed on the rest of the event to separate B’ and B decays.
The decay time difference Az, which is determined by reconstructing the decay vertices of the
two B mesons, is added to the likelihood fit, along with the tagging information, and permits the
extraction of the CP-violating paramters discussed above:

Skowtzy = 0.1440.2540.03 (2.5)
Chomny = —0394032+0.06 (2.6)

Applying the dilution factor to the first of these yields the final result: S K2p0y = —0.18+£0.324+0.06,
which is in agreement with the Standard Model. This analysis is based on the full BaBar data set
of 471 x 10° BB pairs.

3. The rare decay B" — ¢y

The Belle experiment has performed a search for the radiative decay B® — ¢y using their full
data set corresponding to 772 million BB pairs [5]. This decay proceeds via the b — dy transition
and is therefore suppressed by a factor of about 25 (relative to b — sy) by CKM factors. The
SM prediction for the branching fraction is ~ 10~!'!, but large enhancements are expected in some
physics models [6].

The event selection starts with a photon with energy greater than 2 GeV in the Y(4S) (center-
of-mass) system. Photons from the decays 7° — yy and n — yy are rejected by applying explicit
vetoes. Pairs of charged kaons are used to reconstruct the ¢ meson, with 1.000 < mgx < 1.039
GeV, which exploits the good mass resolution on the ¢ meson. Finally, a multi-variate selector
reduces continuum background using event shape variables.

The signal yield is extracted using a simultaneous fit to four quantities: the beam-constrained
B mass, AE, the output of the multi-variate selector and the helicity angle of the decay. The
projections of the fits are shown in Fig. 3. No significant signal is found and a 90% CL upper
limit is obtained:

BB = ¢y) <1.0x 1077 90% CL (3.1

This result improves on the previous best limit [7] by nearly an order of magnitude.

4. The B — K*0¢* ¢~ channels

The B® — K*0¢* ¢~ channels have proven to be a powerful probe of physics beyond the stan-
dard model. From a phenomenological standpoint, they proceed via loops at lowest order, where
New Physics can have large effects, as discussed in the Introduction. The richness of the final state
allows the measurement of many observables that 1) can be well calculated within the SM and 2)
can be significantly altered by the presence of NP. From the experimental viewpoint, these modes
have generally clear signatures, with a lepton pair in the final state and relatively low backgrounds.
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Figure 3: Projections of the 4-variable fit to the B — ¢y candidates: a) the beam-constrainted mass, b)
AFE, c) neural net output and d) helicity angle. Selections are made on the variables not plotted to enhance
the signal in any given projection. The blue curves represent the total fit, while the red curves represent the
signal, the magenta curves the continuum events and the green curves the charmless background.

4.1 Angular analysis of B® — K*utu~

The advent of LHCb in recent years has produced great experimental advances in the B® —
K*u*u~ channel. We report here on an angular analysis of the B® — K*u* u~ channel based on
the full Run 1 dataset, corresponding to an integrated luminosity of 3 fb=! [8].

The differential decay rate for the channel B® — K*9u* 11~ may be written:

dl’ 3 .
me(I—FL)st O + Fy cos® Ok 4.1

1
+ Z(l — F)sin® Og cos 26y
— Fj cos? Ok cos 20, + 83 sin’ Ok sin’ 6,cos2¢
+ S48in20k sin26; cos ¢ + S5 sin 26k sin Oy cos ¢
4
+ gAFB sin® O cos 6, + S7sin 206k sin 6; sin @
+ Sg in 26 sin 26y sin ¢ + S sin” O sin” 6; sin 2¢
where the three angles that define the final state topology are defined in Fig. 4. The quantities Fy
and App are the K*° longitudinal polarization fraction and forward-backward lepton asymmetry,
respectively, while the S; are related to the Wilson coefficients of the effective Hamiltonian and can
be calculated in the SM. All of the quantities are extracted by performing a simultaneous fit to the

distributions of the three decay angles. The fit also includes the K™z~ u ™y~ invariant mass and
the K* 7~ invariant mass. The fit is performed in seven bins of ¢*> = mﬁ u» since theory predicts the
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Figure 4: Definition of decay angles of B® — K*%u*u~ decays.

variation of each of these coefficients with ¢2. Indeed, the ¢> behavior of the coefficients provides
important information in distinguishing NP models, should a deviation from the SM be found.
The possibility of an S-wave contribution to this decay, i.e., where the K™z~ of the final
state does not come from a K** decay, is included in the fit (Eq. 4.1 does not show the S-wave
contribution for simplicity).
Figure 5 shows the fit projections for the bin with 1.1 < ¢* < 6.0 GeV2.
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Figure 5: Projections of the 5D fit for the ¢> bin 1.1-6.0 GeV2. A mass cut of 50 MeV around the known
B mass has been applied to the mg; and angular variable distributions. Candidates have been weighted to
account for acceptance. The blue shaded area represents the signal, while the red hatched area denotes the
background.

The results for F; and Arp as a function of ¢> are presented in Fig. 6. The experimental results
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are compared to the SM expections from ref. [9]. There is generally good agreement with the SM
predictions. Additional variables, for which the theoretical uncertainties are signficiantly reduced,

T ¥ A T B S e B

2 —r 1 T~ T T T T
k& C 1 < o5 -
08 LHCb ] I . ——
L - I SM from ABSZ - i |
b T E . A |
' + ] 0 ? i
04F ] = .
. 2|! __ I LHCb ]
“t . i B SM from ABSZ |
r ] 05k _
0 " 1 " " " 1 " " " " 1 " " " " " " " 1 " " " " 1 " " " " 1 " " "
0 5 10 15 0 5 10 15
¢* [GeV*¥/c4] q* [GeV* 4

Figure 6: Results for Fy (left) and Agp (right). The shaded areas represent the SM prediction from [9].

can be constructed from Fy, and the S;. In Fig. 7 the results for P, = Ss/+/F.(1 — FL) are shown,
compared to the SM prediction [10]. Here a discrepancy with the SM calculation is observed in
the fourth and fifth ¢> bins, with statistical significance of 2.8c and 3.00, respectively. Thus the
discrepancy observed in the previous analysis [11], performed on one-third the data, is confirmed.
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Figure 7: Results for optimised variable P;. The shaded areas represent the SM prediction from [10].

For reasons of space, only a small subset of the results are presented here. The full results are
presented in [8].

The CMS experiment has also performed an angular analysis of the B — K*®u*u~ chan-
nel [12]. They have lower statistics than LHCb and perform a somewhat simpler analysis, which
requires fewer events. Figure 8 shows Fy, App and the branching fraction as a function of qz. There
is good agreement with the SM predictions.

This channel has also been studied at the B factory experiments Babar and Belle. They have
significantly lower statistics, but can also perform the same analysis for the B — K*%¢*e™ final
state. Furthermore, because they can reconstruct neutral particles efficiently, this gives them access
to the isospin-related channel B™ — K*"¢*¢~, which has either a K{ or a z°, arising from the K**
decay, in the final state.
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Figure 8: CMS results for F;, (upper left), Arp (upper right) and the differential branching fraction as a

function of ¢°.

Figure 9 shows the Belle results for the optimized variable P. [13]. Interestingly, the Belle
result favours the LHCD result for this observable and is also in disagreement with the SM. Babar
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Figure 9: Belle results for P,. The shaded areas represent the SM prediction from [10].

has measured F; and App separately for the BY and BT modes [14]. Fig. 10 shows the results
obtained for Fy for 1 < ¢g*> < 6 GeV?, along with other experimental results and the SM prediction.

There is some disagreement with the Standard Model and indeed a hint of a difference for the
charged and neutral decays.

4.2 Angular analysis of B — K*%¢T¢~ in the pole region

LHCb has also performed an angular analysis of the channel B® — K*%¢T¢~, based on the full
Run 1 data set, corresponding to 3 fb~! of integrated luminosity. In this case, only the lowest ¢>
bin is examined, i.e., events with 0.002 < ¢ < 1.120 GeV? [15]. This region is dominated by the
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Figure 10: Results for F; in the range 1 < ¢> < 6 for the neutral and charged modes from Babar and
compared with other experimental results. The vertical lines represent the SM prediction.

virtual photon contribution and thus allows searches for right-handed currents in NP scenarios. In
terms of the Wilson coefficients of the effective Hamiltonian, the analysis is sensitive to C7 and C.

As for the B — K*u* 1~ case, one can write down the differential decay rate as a function
of the three angles in the decay:

ar 3 .
dd0 «1(1 — Fy) sin? O + Fj cos® O 4.2)

1 1
+ <4(1 — F;)sin? O — Fy cos” 91() c0s26; + 5(1 — FL)A(TZ) sin” Ok sin” 6y cos 2¢

1
+ (1 — F)AR¢sin? ¢ cos 6, + (1= Fp)AL" sin? Ok sin” 6; sin 2¢),

where the angles are defined as in Sec. 4.1, except that ¢ is “folded”: ¢ — ¢ + 7 for ¢ < 0. There
are four coefficients extracted by fitting the data: Fy, AR = %AFB /(1—=F), A(T2 ) and A" The latter
two quantities are sensitive to the photon polarization and in the limit of very small ¢> are directly
related to the Wilson coefficients C; and C%:

2), 2 ZRC(C7C§*) Im; 2 ZIm(C7C§*)
AP ooy= 1L a2 )= ST 43
P @2 0=EreE AT 0= EraR “.3)

Experimentally, this channel is more challenging than the B — K*u*pu~ channel discussed
earlier, for two primary reasons: 1) the excellent LHCb muon trigger is not applicaable for this
channel and 2) the significant bremsstrahlung of the final state electrons degrades the mass reso-
lution of the recontructed B meson. A significant background comes from photon conversions to

+

very low-mass e"e pairs. These are suppressed by applying a minimum cut on the di-electron

mass. An estimated 4% of the selected signal consists of this background.

Figure 11 shows the distribution of the invariant B mass and the three angular distributions for
the selected B — K*Y¢*e™ events. The results obtained from the fit are:
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Figure 11: Projections of 4D fit to the B candidate invariant mass and the three decay angles. The widening
of the mass distribution relative to the B — K*Ou*u~ case due to bremsstrahlung is evident.

Fr =0.16+£0.06+0.03

A% = 0234023+0.05
A" —0.1440.22+0.05
AR =0.104+0.18 £0.05

These are the first measurements of these quantities in this ¢ range. They are compatible with
Standard Model expectations and in particular with C, = 0.

5. Search for BT — K171~

Babar has performed a search for the decay BT — K717~ which is related to the well-
studied decays with a pair of muons or electrons in the final state [16]. The T channel is interesting
because of the third lepton’s large mass: there is a potential NP contribution to the decay via a
neutral Higgs boson that couples more strongly to higher mass leptons. Furthermore, given recent
results on Rg = B(B — Kuu)/B(B — Kee) [17], which exhibit a tension with the SM expectation,
there is heightened interest to measure the rate to B — K77.

This mode is very challenging experimentally: there are multiple neutrinos in the final state
and very few kinematic handles on the signal decay. At the ete™ B factories the technique of tag-
ging the other B makes it possible to recontruct this decay. B-tagging involves fully reconstructing
the “other” B in the event. For this analysis, hadronic final states were considered for the tag B,
starting with either a charmed or charmonium meson and then adding up to five additional pions
and kaons. Once the tag B has been reconstructed, its daughters are removed from consideration
and the signal decay is looked for among the remaining tracks in the event. Leptonic T decays are
considered, so the final state signature consists of a charged kaon, a pair of leptons (either i or e)
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and a significant amount of missing energy due to the lost neutrinos. Explicit vetoes are employed
to remove backgrounds from J/y, D° and ¥ decays.

The primary remaining background comes from semileptonic cascade decays: B — D{v fol-
lowed by D — K/v. This background, which has the same final state particles as the signal decay,
is reduced using a multi-layer preceptron (MLP) selector with seven input variables. Figure 12
shows the distribution of the MLP output for data and estimates of the background obtained from
simulation. The shape of a possible signal is also shown (red histogram, arbitrary scale). The MLP
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= 200 —
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o T
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Figure 12: Distribution of the MLP output for data (points), combinatorial background (blue histogram) and
peaking background (purple histogram). The red histogram shows the shape of the signal on an arbitrary
scale.

cut was placed at 0.7 for the ee and pt candidates and at 0.75 for the eyt candidates. The results are
presented in Table 1. For the ee and u i modes the number of observed events is in good agreement
with the background estimates. However, an excess is seen in the eyt channel, with respect to the
expected background, with a statistical significance of 3.70. Inspection of the events in question
shows no indication of signal-like behavior, nor evident problems with the background modeling.
Taken together the three channels are in agreement with background expectations within 2. Thus,
an upper limit is derived:

BBt - K*tt17) <225%x 107> 90% CL (5.1)

This analysis is based on the full BaBar data set of 471 million BB pairs.

6. Global fits to b — s¢/ and b — sy

The wealth of results in radiative and electroweak penguin decays has given rise to several
phenomenological efforts to extract information on NP from the group of measurements [18, 19].
The current set of results favors a New Physics contribution to the Wilson coefficient Cy. This
is depicted in Fig. 13, which shows the fitted results for CQNP Vs. CéNP and C9NP VS. C%P. The
super-script “NP” indicates that the SM contribution has been subtracted out such that in the SM
all CNP = 0.

10
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ete uru etut
Nékg 494424429 458424432 59.242.8 +3.5
Sgig(x 10_5) 1.1 £0.240.1 1.34+0.240.1 2.1£0.240.2
Nps 45 39 92
Significance (o) -0.6 -0.9 3.7
Table 1: Expected background yields, N,ikg, signal efficiencies, séig , number of observed data events, N(’;bs,

and signed significance for each signal mode. Quoted uncertainties are statistical and systematic.
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Figure 13: Results of global fits to b — sy and b — s¢¢ measurements. Taken from ref. [18]

Additional details on the global fits were presented at this conference by Sébastien Descotes-
Genon [20].

7. Conclusions

There is a wealth of information on radiative penguin decays of B mesons coming from both
the LHC and the B factories. We have presented searches for right-handed currents via photon
polarization as well as comprehensive angular analyses of the B — K*)¢*¢~ channels. These re-
sults put powerful contraints on the NP models and currently show some tension with the Standard
Model in the P, observable.

LHCb is busy accumulating data in Run 2 and expects to more than double the Run 1 data
set by 2018. The B factory experiments are producing their final papers after having stopped data
taking some years ago. However, the next generation of B factories is not far off: Belle II expects
to commence taking data for physics in 2018.
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