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Rare B decays at LHC

Sébastien Viret®

& LPSC, 38026 Grenoble, France.

For the LHCb, ATLAS, and CMS collaborations

This paper gives an overview of the latest performance studies of LHCb, ATLAS, and CMS in rare-B sector.
Flavour Changing Neutral Currents involves b — d or b — s transitions occurring only from loop-level in the
Standard Model. They consequently provide an excellent probe of effects of New Physics. Within the Standard
Model, these decays are semsitive to the CKM matrix elements |Vis| and |Vizq|. Some of these channels, like
B — K*v, have already been measured at B-factories. However, due to a very large bb production, the LHC
will play a leading role in rare B-decays studies. Very promising sectors, like B — K*uu or B — pup, will be
extensively studied at LHC. Other rare channels, like B — pp or B; — ¢y, could be observed for the first time

at the LHC.

1. Introduction

Flavor-changing neutral current decays involv-
ing b — s or b — d transitions occur only from
loop-level in the SM. Therefore they come with
small branching ratios and thus provide an excel-
lent probe of indirect new physics effects. Within
the SM, these decays are sensitive to the CKM
matrix elements |Vis| and |V4|. A measurement
of these parameters would be complementary to
their determination from B mixing.

So far the following exclusive decays have been
evaluated for LHC experiments:

e Radiative decays: B; — K*°y (LHCb,
ATLAS), B, — ¢y (LHCb, ATLAS),
By — wvy (LHCb).

e Di-muonic decays: B; — K*upu,
Bs — ¢pp, Bg — ppp.

e Purely muonic decays: By, — pp.

Some of these channels, in particular By —
K*%y, have already been observed at B-factories.
Other channels, like B — pu, might be seen
before the LHC start only if their branching is
strongly enhanced, i.e. if new physics effects are
large. By — K*uu precision measurements, or
observation of rare B decays in the B, sector, will

also be reserved for the LHC or BTeV with their
higher luminosities.

In any case, LHC will provide radically in-
creased statistics in the rare B decays area. How-
ever, these decays will be observed only if they
are triggered. Exclusive rare B channels cross-
sections are of the order of a picobarn or a
femtobarn, to be compared to LHC global inelas-
tic cross-section of 80 mbarn. Consequently we
will start with a presentation the different trigger
strategies proposed for rare B decays study for
LHC.

2. Trigger strategies for rare B decays

Rare B selection in ATLAS, CMS, and LHCb
is based on different schemes, depending on each
experiment. We could still define two large cate-
gories: radiative decays selection, based on elec-
tromagnetic first-level trigger, and muonic or
semi-muonic decays selection, based on di-muon
trigger.

2.1. LHCb

LHCb trigger [1] is presented on fig.1. It is di-
vided into three steps. At the lowest order (called
L0), single particles with high transverse momen-
tum are searched (thresholds of 1 — 5 GeV). L0
is passed if the highest Ep calorimeter cluster,



or the two highest pr muon tracks in the muon
stations (named M1 to M5 on fig.1) reach these
requirements.
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Figure 1. Overview of the LHCb trigger system
[1], in parallel with the LHCb detector. Different
steps are described with links to the concerned
part(s) of the detector.

The B decay vertex is reconstructed at the next
level (L1), thus allowing to perform important
topological cuts. This vertex trigger is the key in
the LHCDb selection scheme. Using this feature,
LHCb expects very high trigger efficiency for dif-
ferent B physics channels, which are treated sep-

arately only at the next step: high-level trigger
(HLT).

At the HLT, full event reconstruction is per-
formed and specific cuts are applied. As the effi-
ciencies after HLT are very close to those after L1,
the proportion of staged events is very important.
For example, 38% of the By — K*%y and 74% of
the By — K*Oup which are within the LHCb
acceptance will be selected. This very high trig-
ger efficiency fully compensates LHCb lower lu-
minosity (2 x 1032¢m 257!, compared to at least
2 x 1033¢m~2s~1 for ATLAS and CMS).

2.2. ATLAS and CMS

In ATLAS and CMS the situation is not equiv-
alent to LHCb. Detector acceptance, instanta-
neous luminosity, and physics objectives are dif-
ferent. In particular, ATLAS and CMS have more
extended physics programs and have to deal with
important pile-up effects. These differences lead
to additional constraints for the rare B selection.

Muonic and semi-muonic decays are using the
classical B-physics dimuon trigger, which is quite
similar in ATLAS and CMS than in LHCb, at
least at level 1. In this case differences arise only
at level 2 (equivalent to LHCb L1). As the ver-
tex trigger is not feasible in ATLAS and CMS,
less selective cuts and then higher thresholds are
applied, thus lowering the efficiencies. Vertexing
and specific cuts are performed at the next level:
event filter (EF). As in the LHCb HLT, efficien-
cies for the signal after EF are equivalent to ef-
ficiencies after LVL2. Trigger efficiencies are ex-
pected to be smaller in ATLAS and CMS than in
LHCb, but di-muon trigger will also work at LHC
high luminosity, which will be 50 times larger
than LHCb. Thus providing very large and com-
petitive event samples.

Radiative B decays selection is more difficult
to handle. Due to pile-up effect (about 5 interac-
tions per crossing at 2 x 1033em=2571), “LHCb-
like” trigger is not feasible in ATLAS and CMS.
In order to reach acceptable rates after level 1, a
complementary muon, in addition to the low Er
electromagnetic cluster, is requested. At level 2
interesting tracks coming from K*° or ¢ meson
decay are selected in the inner detector, but this
step is more difficult to manage in ATLAS and



CMS than in LHCD, and luminosity is at least 10
times larger. However, a recent study has shown
that selecting radiative B decaysin ATLAS at low
luminosity, with about 5% efficiency after HLT
and reasonable trigger rates, will be feasible [2].

3. Radiative B decays

Only exclusive radiative B decays, such as
B; — K*°y, By — ¢y, or By — py, will
be observed at the LHC. They are theoretically
more difficult to handle than inclusive B —
X(s,ayy channels, but easier to access experi-
mentally. Moreover, theoretical uncertainties af-
fecting branching ratio estimates largerly can-
cel when doing CP or isospin violation measure-
ments. These asymmetries are expected to be
small within the SM, but they could be largely
enhanced by new physics effects [3], [4].

LHC experiments will be able to perform these
measurements with a large precision. Table 1
summarize LHCb and ATLAS expectations af-
ter one year of running at 2 x 1033em 2571, i.e.
2 fb=! for LHCb, and 20 fb~! for ATLAS.

B, = ¢y Bg— K*%y Ref.
LHCb 9300 35000 [5]
ATLAS 2300 5700 2]

Table 1: Radiative channels expectations after
one year at low luminosity.

LHCb expectations are slightly better than AT-
LAS. We have see in the previous section that this
difference mainly comes from the trigger scheme,
which is more efficient in LHCb (no muon needed
at first level, vertex trigger, no pile-up).

However, we see that even ATLAS will be very
competitive with current experiments (BaBar
and BELLE expect to collect about 1000 B; —
K*0y each).

Signal to background ratio (%) and signal sig-
nificance (%) have not been precisely evaluated
at this point, principally because of the lack of

simulated background events. Large event pro-
duction, Data Challenge 2, is ongoing and will
allow reprocess to this point. Nevertheless, it
has been shown that % will be at least greater
than 0.4 for LHCb in the B; — ¢y case, and
larger than a few percents for ATLAS. Actually,
far better results are expected, in particular for
B; — ¢ry.

The significance, estimated with those pes-
simistic limits on %, is in any case larger than
5 after only one year of running. Consequently,
a clear observation of radiative B decays, with
both LHCb and ATLAS experiments, could be
possible after LHC’s first year of running.

ATLAS will be able to provide an useful cross-
check to LHCb results, in particular for B; — ¢,
which could be seen for the first time.

% and reconstruction efficiencies will be pre-
cisely estimated, in order to evaluate LHC poten-
tial for asymmetry measurements in the radiative

B decays sector.

4. Dimuonic B decays

4.1. Exclusive channels

Because of the di-muon final state, semi-muonic
and purely muonic decays will be easier to select
than radiative ones (see section 2). This remark
is particularly true for ATLAS and CMS, where
radiative B decays are difficult to trigger.

By — K*°up observation gives access to a large
number of observables which, if they are mea-
sured with a sufficient precision, could give very
interesting information for new physics reach.

Forward-backward asymmetry is one of the
most promising parameter of By — K*Cupu
planned study. It is defined by [6]:

1

ArB 1 d’r

dg? dr’/dg? / dg?d cos(9) cos(6)
0

0
d’r
/lidq%cos(ﬁ) d cos(8) (1)

where 6 is the angle between the B meson and
the put in the di-muon center-of-mass system.
Within the SM, App vanishes at a ¢3 value



defined by the relation:

Cfo q% m2B+m%{* _qg

It comes out from (2) that App has zero value
if and only if C7 . Re(C?; ;) is negative. Standard
Model predicts a negative sign for this expression,
the absence of a gy value will thus be a clear ev-
idence for new physics. Another interesting fea-
ture of qo, shown of figure 2, is that theoretical
uncertainties on this parameter are small.

A Ap g [GeV 2]

Figure 2. App at next-to-leading order (solid cen-
ter line), and leading order (dashed). The band
includes all the theoretical uncertainties [6].

However, the precise measurement of App re-
quires a large sample of reconstructed By —
K*Ouu events, which will be available only at
LHC.

Statistics expected for one year at low luminos-
ity are summarized in table 2. As for the radia-
tive B decays study, LHCDb results presented here
have been obtained with the re-optimized detec-
tor [10]. ATLAS and CMS results were obtained
with older versions of the detector layout [9].

In addition, CMS studies were done only at the
particle level, thus explaining the large discrep-
ancies with the other experiments. ATLAS and
CMS analysis will be soon reprocessed, smaller
number of events are expected.

By = K  Ref.

LHCb 4400 [7]
ATLAS 1400 [8]
CMS 8000 [8]

Table 2: Di-muonic channels expectations after
one year at low luminosity.

In order to compare LHCb with ATLAS and
CMS, it should be pointed out that semi-muonic
decay will be also studied at high luminosity, so
that radically increased statistics than those of
table 2 will be collected by ATLAS and CMS.
However, ATLAS and CMS expectations at high
luminosity have not yet been estimated.

Due to a more specific trigger, the significance
is radically larger for the semi-muonic decays than
for the radiative ones, and a very clean signal
should be observed by LHCb, ATLAS, and CMS
after only one year of running.

The expected precision on forward-backward
asymmetry is presented on figures 3 and 4, for
ATLAS and LHCb respectively. LHCb plots are
for two years of data taking (4 fb=1), ATLAS for
3 years at 10%% em™2s571 (30 fb~1). After two
years of running, LHCb expects to determine gg

with a precision of 0.01, thus allowing a determi-

. Re(C? .
nation of %7& with a 6% accuracy. We clearly

iy
see with figure 3 that precise measurements will
also be feasible in ATLAS and CMS.

4.2. Semi-inclusive channels

Very efficient particle identification will allow
LHCb to partially reconstruct B — Xguu and
B — X,pup modes.

It has been shown [11] that using partially in-
tegrated branching ratios, defined as follows:

2
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Figure 3. ATLAS sensitivity to App. The three
points with error bars are the simulated results in
the SM case after obtaining 30 fb~!. The solid
line shows the SM prediction. The dotted lines
show the range predicted by the MSSM if C’zf ;<
0 and the dashed lines show the range predicted
by the MSSM if Cgff >0[9].

6 GeV?, we have the following relation:

(ABa) _ [Vial?
(AB,) ~ [Viul?

AR = (1 + corrections) (4)

with (AB;) = %. Theoretical corrections
in (4) are only of the order of one percent. AR
measurement, if feasible, will thus provide a very
competitive estimation of l\&d\‘ independent from
the one given by B; oscillations measurement.
This study has been done for LHCb [12]. Re-

sults show that Yl
[Vis]

a 10% uncertainty after two years of data taking,
and 5% after 10 years.

ratio could be estimated with

5. Muonic B decays

As purely leptonic B decays are theoretically
very clean, they provide an ideal laboratory for
seeking indirect hints of new physics effects. How-
ever, they are very difficult to observe because of
their small branching fractions (0(10~9,1019)).
Most probably new physics cannot increase these

Figure 4. LHCD sensitivity to Arp as a function
2

of s (s = -Lr). The points with error bars are the
B

simulated results in the SM case after obtaining
4 fb—1. Straight line is a linear fit determining
S0. ¢ resonances were vetoed [12].

branchings to level visible before LHC.

Consequently, LHC experiments will play a ma-
jor role in this sector. In addition, if B — up
analysis requires huge luminosity, triggering is not
really problematic, even at high luminosity. In
this context, ATLAS and CMS have a clear ad-
vantage on LHCb. This is confirmed by the esti-
mations obtained for each experiment which are
summarized on table 3, where ATLAS and CMS
results are given for one year of running at high
luminosity (100 fb~1).

Bs — up Background Ref.

LHCb 17 < 100 [13]
ATLAS 92 660 [9]
CMS 26 <6 [9]

Table 3: Purely muonic channels expectations af-
ter one year at LHC.



ATLAS and CMS background rejection are
slightly different. This discrepancy couldn’t be
explained only by CMS better precision on muon
transverse impulsion. It is currently under inves-
tigation, and probably comes from analysis differ-
ences between the two experiments (calorimeter
isolation, for example, is included in CMS but not
in ATLAS).

LHCDb statistics are smaller than ATLAS and
CMS. Nevertheless, it was shown in [13] that a
clear signal might be observed by the experiment
after five years of running.

In conclusion, purely muonic decays will be ex-
tensively observed and studied in ATLAS and
CMS during the high luminosity era. However,
a first observation after one year at low luminos-
ity is not excluded.

6. Conclusions

The more recent estimations concerning rare B-
decays at LHC have been presented. As expected,
the high bb production cross section leads to a
very good performance in the search for flavour
changing neutral currents. A large number of
exclusive channels will be fully reconstructed by
ATLAS, CMS, and LHCb, some of them, like
BY% — ¢, should even be observed for the first
time.

Very large reconstructed event sample after
only one year of running sould allow to mea-
sure precisely very promising parameters for new
physics search, particularly forward backward
asymmetry of By — K™ up.

This paper also confirm the large complemen-
tarity between ATLAS and CMS and LHCb in
the search for exclusive rare B decays. ATLAS
and CMS will certainly take the lead role in
purely leptonic area, whereas LHCb will be more
efficient in the radiative sector. In the meantime,
very promising semi-muonic decays should be ex-
tensively studied by all three experiments.
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