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ABSTRACT: This technical note reports an academic exercise to assess the electromagnetic

(EM) calorimeter energy resolution performance that would be needed in order to separate

candidates of the radiative quark transitions b — sy and b — d~.


mailto:lars.roehrig@tu-dortmund.de

Contents

1 Physics motivations 1
2 Detector requirements 2
3 Analysis 2

1 Physics motivations

The study of radiative decays, such as B — K*vy (b — s7) and BY — K*v (b — d), serves
as an important test of the Standard Model of Particle Physics (SM). Furthermore, it is a
sensitive probe for potential Beyond the SM (BSM) effects in one-loop penguin diagrams
[1-3], as flavour-changing neutral current (FCNC) processes are forbidden at tree level in
the SM. New heavy particles can enter the loop diagrams, altering the decay amplitudes and
observables such as branching fractions, mixing-induced charge-parity (CP) asymmetries,
and polarisation fractions. Examples of b — sv and b — d~ transitions for both decays are
shown in Fig. 1.
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Figure 1: b — sy and b — d~ at quark level in the SM.

Moreover, the amplitudes for Bg — K*vyand BY — K*v are proportional to the elements
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, allowing to place constraints to the
unitarity triangle profile complementary to those of the oscillation frequencies. At a
possible next-generation circular lepton collider such as the Future Circular Collider as an
electron-positron accelerator (FCC-ee) [4], approximately

Npy ~ Ny - P(Z — hadrons) - Ry, - f,,_,go - Br(B) — K*vy) ~ 30-10°. (1.1)

will be produced. In Eq. (1.1), N, = 6 - 10'? events are foreseen at the Z pole at a
centre-of-mass energy of /s = m,. The remaining inputs are
P(Z — hadrons) ~ 0.7 [5], R, =0.216 [5],
fopy ~ 0.4 [6], Br(BY — K*y) = 4.18 -107° [5].
The B? — K*~ decay, unobserved to date, is one example of b — d transitions that FCC-ee

can probably uniquely study, if it can benefit from an accurate photon-energy measurement
complementing the already established exquisite reconstruction of displaced vertices.



2 Detector requirements

A key aspect of studying B?l, s — K™ decays is the reconstruction and differentiation of
both modes that share a common final state. Several detector concepts are currently under
active discussion. The one used in this study is the IDEA detector concept [7]. The detector
comprises a silicon vertex detector positioned near the beam pipe, a drift chamber for
almost continuous tracking of charged particles, and a finely segmented crystal calorimeter
to measure electromagnetic (EM) showers. Additionally, a dual-readout (DR) calorimeter
utilises scintillation and Cerenkov fibres to measure hadronic showers. In a variant of this
concept, both EM and hadronic showers are measured in the DR fibre calorimeter. The
photon-energy resolution is the critical parameter when it comes to distinguishing the Bg
from the B? decay. The energy resolution provided by the DR calorimeter is assumed to be
of the order 12 %/ V/E,,, while concepts based on crystals (see, e.g. Ref. [8]) could provide
energy resolutions of the order O (2 %/ \/E>7) In the following analysis, which is meant
more as an academic exploration than a physics sensitivity study, the importance of the
photon-energy resolution for flavour physics is highlighted.

3 Analysis

The analysis is based on about a sample of 30 - 10° privately produced events, where the
BY — K*v decay has been exclusively generated with PYTHIAS [9] and EvtGen [10]. The
detector response has been modelled using the IDEA card from the DELPHES [11] software
package. The reconstruction has been seeded with Monte-Carlo (MC) information, and
no background processes have been considered, since the goal is to derive requirements for
the photon-energy resolution in the EM calorimeter. For this purpose, the K* has been
reconstructed from a charged kaon and pion, while the photon energy EQ/IC has been taken
from the corresponding MC photon. Furthermore, a reconstruction efficiency of 100 % has
been assumed. The smeared photon-energy response has then been drawn from a Normal
distribution N (p, o) with mean p and standard deviation o via

pyreered = A (EMC, -\ JENC)) (3.1)

In Eq. (3.1) the resolution of the stochastic term r is given in percentage units. It has been
validated that a value of r ~ 0.12 corresponds to the energy resolution of the DR fibre
calorimeter of IDEA. From E@meared, the momentum components of the photon have been
recalculated using angular relations
_ e

Bye’ (3:2)
¢ = arctan?2 (pgdc,pyc) .

From these, the recalculated momentum components result to
pameared _ pmessed i (6) cos(6)
pzmeared — E,symeared . SlIl(e) SlIl((Zs) , (33)

pimeared — E’s\/meared . COS(Q) .
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(a) IDEA baseline scenario with a DR calorime-  (b) High photon-energy resolution from crystals,
ter, r = 0.12. r = 0.02.

Figure 2: Two distributions of the invariant K*y mass, where almost no B? signal can
be observed on the right side. With a high photon-energy resolution with r = 0.02, even
angular analyses are in reach due to the clear signal peak in the mass spectrum. In both
cases, the interpolated functions describe the spectrum well.

For the sake of this study, the B? signal yield has been estimated from the CKM matrix
elements and the corresponding hadronisation fractions f, ,go = 0.4 and f, ,go = 0.1 via

2

Vis| ~ 02, (3.4)
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Different photon-energy resolution scenarios have been assumed with r € [0.12,0.02] in
increments of 0.02. The upper limit of this range is dictated by the fit convergence difficulties
encountered when reaching high-values of the sampling resolution term. The resulting
invariant-mass distribution m(K*y"meaed) has been modelled with a double-sided Crystal-
Ball function in addition to a Gaussian core for each contribution B} and B?. The eight

shape parameters have been extracted from an interpolation to only the Bg signal peak

before extracting ‘V;s / th‘Q from an interpolation to the combined signal.

In Fig. 2, the left and right panels show the case for r = 0.12 and r = 0.02 (high
photon-energy resolution from crystals; see also Ref. [8]). Only with a sufficiently high
photon-energy resolution, the peak of the BY signal becomes visible and distinguishable
from the overwhelming BY background. The purity in the latter case would even allow to
perform studies of angular observables like the photon polarisation or of CP asymmetries
in the decay rates of B? and Bg mesons. However, from the extracted event-yield ratio,
|Vea /v,
100 toy experiments have been performed in order to extract the statistical uncertainty.

as well as its uncertainty, have been examined. In order to spot biases in the fit,

For all photon-energy resolutions considered, no bias has been found and the resulting
distributions have been fitted with a Gaussian distribution. These fits are shown in the

left panel of Fig. 3, while the relative statistical uncertainty on ‘th /VtS is presented in the
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(a) The Gaussian fits of the toy studies for the  (b) The relative precision as a function of the
different photon-energy resolutions. energy resolution.

Figure 3: The photon energy-resolution is the driving impact on the measurement precision
of |th /V;S
photon-energy resolutions under study.

. Competitive results with respect to the current precision are in reach with all

right panel of the same figure as a function of the photon-energy resolution. In the figure,
= 0.207 4+ 0.003 [5] is shown as a horizontal line.
As can be seen, with all photon-energy resolutions under study, competitive precisions
on ‘th /Vts
when it comes to the interpretation of this academic exercise. The focus of the study is

the current SM precision from ‘th /Vts

are in reach, even for 12%/ /E_. However, several words of cautions are in order

centred onto the separation power of the two transitions b — (d,s)y. The study hence
assumed perfect charged hadron particle and photon identification. Moreover, the physical
backgrounds (e.g. the charmless transition B — Knn® with the 7° is misidentified as
a photon) are neglected. Last but not least, the fit procedure requires the knowledge of
the signal shapes. It is obvious that mastering the tails is mandatory to make a valid
measurement. It has been checked that the measurement is valid even with inaccurate
signal shapes for the higher resolutions tested. By contrast, it is very likely that a slight bias
in their knowledge would prevent to even perform the measurement for the worse energy
resolutions considered in this study.
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