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(GED'

This paper presents the prospects for a precise measurement of the branching fraction of the
leptonic B} — 77 v, decay at the Future Circular Collider (FCC-ee) running at the Z-pole.
A detailed description of the simulation and analysis framework is provided. To select signal
candidates, two Boosted Decision Tree algorithms are employed and optimised. The first
stage suppresses inclusive bb, c¢, and g backgrounds using event-based topological information.

A second stage utilises the properties of the hadronic 7+ — 77777~ . decay to further

suppress these backgrounds, and is also found to achieve high rejection for the BT — 77,
background. The number of Bf — 77 v, candidates is estimated for various Tera-Z scenarios,
and the potential precision of signal yield and branching fraction measurements evaluated.
The phenomenological impact of such measurements on various New Physics scenarios is also

explored.

Abstract
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First stage MVA variables

The BDT is trained using the following features:
e Total reconstructed energy in each hemisphere;
e Total charged and neutral reconstructed energies in each hemisphere;
e Charged and neutral particle multiplicities in each hemisphere;
e Number of tracks in the reconstructed PV,
e Number of reconstructed 37 candidates in the event;
e Number of reconstructed vertices in each hemisphere;

e Minimum, maximum, and average radial distance of all decay vertices from the PV.



First stage MVA
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Figure 2: (a) First-stage BDT distribution in signal, BT — 7" v, background, and inclusive Z background.
(b) Efficiency of the first-stage BDT as a function of cut value.
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Second stage MVA variables

The BDT is trained on the following features:

37 candidate mass, and masses of the two 77~ combinations;
Number of 37 candidates in the event;

Radial distance of the 37 candidate from the PV,

Vertex x2 of the 37 candidate;

Momentum magnitude, momentum components, and impact parameter (transverse and
longitudinal) of the 37 candidate;

Angle between the 37 candidate and the thrust axis;

Minimum, maximum, and average impact parameter (longitudinal and transverse) of all other
reconstructed decay vertices in the event;

Mass of the PV;

Nominal B energy, defined as the Z mass minus all reconstructed energy apart from the 37
candidate.
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Second stage MVA
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Figure 3: (Left) Second-stage BDT distribution in signal, BT — 77v, background, and inclusive Z
background. (Right) Efficiency of the second-stage BDT as a function of cut value.
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Background composition

Prior to the BDT cut optimisation, none of the 10° inclusive Z — c¢¢ and Z — qq events are
found to pass sufficiently tight cuts on both BDTs. As such, background from these sources is
not considered in the optimisation or subsequent fit studies. After the same cuts, the remaining
statistics in the inclusive Z — bb sample are found to be insufficient for determining the background
rejection accurately in the cut optimisation. To boost the background statistics for the optimisation,
samples of exclusive b-hadron decays are generated, where the decay modes are chosen based on the « B— Drtntn™
composition of the remaining inclusive Z — bb sample. The following decays are considered: B — D*ntata—

B — Drty,

B = D*rtu,

« B— DD}

where B € {B°, B*, BY, AY} and the corresponding D € {D~, D° D7, A }. In each of the exclusive
b-hadron samples, all of the b-hadron decay products are decayed inclusively. The list of exclusive
decays considered is not exhaustive, and covers around 10% of the decay width for each B hadron. « B— D*D;*
As a result, a factor 2.5 difference in rate relative to the inclusive Z — bb sample is observed after

tight BDT cuts. This factor is used to scale the exclusive sample yield estimates in the optimisation

procedure, in order to avoid underestimating the expected background level.

B — D*D7
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Background estimation
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Figure 4: (a) BDT1 distribution above 0.95 for a combined sample of exclusive b-hadron decays. (b)
BDT1 distribution above 0.95 for a combined sample of exclusive b-hadron decays. The cubic spline
parameterisations are shown by solid red lines, example cuts of BDT > 0.99 by the dashed blue lines, and
the optimal BDT cuts by the dashed orange lines. The background efficiency given prior cuts of > 0.95 on
both BDTs is given by the product of the spline integrals above the optimal cuts (red areas), where each
integral is normalised to the respective spline integral across the full range.
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Discriminating variable
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Figure 5: (a) Distribution of total hemisphere energy for the maximum energy hemisphere. Signal and
Bt — 77v, decays closely follow the expected distribution for an inclusive b-quark decay from a Z, whereas
the background distribution is biased downwards by the selection. (b/c) Relationship between the total
charged and neutral energy in the maximum energy hemisphere for BY — 7v,/ inclusive Z — bb events.
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Fit
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Figure 6: (a) Result of a single pseudoexperiment fit, where the peaking signal is clearly distinguishable
from the background. (b) Signal yields measured in 2000 pseudoexperiment fits, where the generated value
is indicated by the dashed vertical line.
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Bc->Tau nu Yields

Nz(x10'2) N(BF — mtu,)

Figure 7: Relative precision on the signal yield as a function of Nz. The signal yields at each Nz value are
taken from the cut optimisation procedure, and the statistical uncertainties are measured in pseudoexperiment
fits. Different levels of systematic uncertainty relative to the statistical uncertainty are also shown.

Relative o (%)

0.5 430 £33
858 +46
1717 £ 64
2578 £ 83
3436 £ 93
4295 £ 103

CU b W N

7.8
5.5
3.8
3.2
2.7
24

0.12

o o o
o o =
(=} oo o

(BF — 77v,) relative o

N
=
(=)
s

Osyst = 0x O stat
T Osyst = 0.25 X oyt

- Osyst = 0.5 x Ostat

Osyst = 1 X Ogtat

0.02

Table 1: Estimated signal yields as a function of Nz, where the uncertainties quoted are statistical only.
The yield central values are determined from the cut optimisation procedure, and the uncertainties from

pseudoexperiment fits.
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Towards Branching Fraction

With Bf — J/yu*v, as a normalisation mode, the ratio of branching fractions

B(Bf — tv;)
B(BS — J/butvy)
NBf »1rv) e(Bf = J/vwtv,) B/ = ptuT)
X -
N(BE = J/putv,) e(Bf — 17v;) B(rt - ntotn—u,)

Re=

It is also possible to determine an absolute branching fraction for the signal decay,

B(Bf = tv;) = R, x B(B — J/yutv,)™,

17



Results
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Figure 8: (a) Relative precision on the ratio of branching fractions R = B(Bf — 7 v.)/B(B: — J/v¥utv,)

as a function of Nz. (b) Relative precision on B(B — 1
for B(Bf — J/v¥u*v,). The different shades of blue correspond to different levels of systematic uncertainty

on N(B} — 7%v,) relative to the statistical uncertainty, following the same colour scheme as Fig. 7.
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+I/7-) as a function of Nz, using a SM prediction
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New physics - 2HDM
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Figure 9: Expected constraints on the plane tan 8 vs. my+ for type-II 2HDM derived by assuming a relative
uncertainty on T(BF — 77v.)/|Ves|? of 10% (solid blue line) and 4% (dashed blue line). Current constraints
obtained from B(B — X,v) [64] and B(B* — 7%v;) [61] are depicted by the grey regions. Prospects
for a B(B* — 7Fv,) measurement at Belle-IT are depicted by the grey dashed line, obtained under the
assumption of 5% uncertainty on the branching fraction [69].
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New physics - Leptoquarks
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Figure 10: Predictions for (a) Rp/R3! and (b) Rp+/R3! are plotted against the ratio
B(Bf — 7tv,)/B(BF — 7Fv.)%™ in several effective scenarios: (i) gv, (blue), (i) gs, = —4gr (cyan), and
(iii) gs; = +4gr € iR (red), which are defined at A ~ 1 TeV. The thick lines correspond to the values of
the effective couplings favoured by the current fit to b — crv, data [71]. The red shaded regions denote
the current experimental averages of Rp and Rp+ at 1o accuracy [23]. The grey region corresponds to the

estimated sensitivity of 4% precision on T'(B 7+v.)/|Ves|? at FCC-ee.
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Summary

The sensitivities for both the branching fraction of Bf —7%r, and the ratio
R. = B(Bf — 7tv;)/B(Bf — J/Yutv,) are estimated as a function of the number of

collected Z decays, where a relative precision of around 4% is achieved for R, with Ny =5 x 10'2.

The precision on the absolute branching fraction is limited to around 8% due to knowledge of the
B} — J/¢ptv, decay form factors, which can be improved through dedicated measurements of
this mode in future.

The impact of a measurement of B — 77v, on NP scenarios is also discussed. In particular, it
is shown that such a measurement at FCC-ee can constrain a large region of the (tan 3, my+) plane
in the type-II 2HDM, which cannot be covered by other flavour-physics measurements. Recently,
leptoquark models have received significant attention as the only viable explanation of the B-physics
anomalies in both charged and neutral current processes. A precise measurement of the branching
fraction of B} —77 v, at FCC-ee could fully probe the interpretations of Rp and Rp- that are
permitted under existing constraints.

In summary, this work demonstrates why FCC-ee is the most well-suited environment for a
measurement of the branching fraction of the Bl —7%v, decay, and represents the first FCC-ee
analysis to use common software tools from EDM4HEP through to final analysis.
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The context
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Analysis history

e September 2020
o Met Donal Hill (LHCb) who was attending a snowmass tutorial
o Wished to publish a result by end summer 2021

e November 2020

o First presentation at the 4th FCC Physics and Experiment WS
e January 2021

o Yasmine expressed interest and presented plans at FCC France
e Mars 2021

o Olcyr joined, dream team completed

e May 2021
O  pre-print on arxiv
e June 2021

o submit to JHEP

o start with Bc->J/Psi mu nu (leading uncertainty)
FCC Physics and Performance meeting, April 2021
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