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We investigate the sensitivity with which two angles of the flat unitarity triangle, defined by
ViV + Vi, Vs + V3, Vg = 0, can possibly be measured directly at FCC-ee. We show that the measured
errors on the angle o, = arg(—V%,V,./V% V) and p; = arg(—V3,V,;/ V%, V,,) should be better than 0.4°
and 0.035°, respectively. These measurements, combined with the measurement of the third angle
vy = arg(=V:, V. / V%, V), discussed in a different paper, will contribute to probing the consistency of the

CP sector of the Standard Model further with an unprecedented level of accuracy.
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I. INTRODUCTION

The purpose of this paper is to study with what accuracy
can the angles of a “nonusual”’ unitarity triangle be
determined directly at the FCC-ee. Indeed, in most of
the publications, the authors concentrate on the “so called”
unitarity triangle, one of whose angles is obtained from
the “golden” channel B°(B®) — J/ywK,. This triangle has
its three sides of the same order of magnitude and is
therefore the less difficult to measure. However, there
are five other triangles, two of which are rather flat, and
the other two are very flat. In order to test the Standard
Model (SM) more thoroughly, it would be interesting to
measure these other triangles directly and independently.
By directly we mean the measurement of an angle without
making use of its relations to other angles in the SM. In this
paper we investigate the sensitivity which one may expect
at FCC-ee [1-3].

In the SM, one derives the unitarity relations from the
CKM quark mixing matrix [4],

Vud Vus Vuh
VCKM = Vcd Vcs Vcb ( 1 )
Via Vi Vu

If there are only three families of quarks, the unitarity
relations, which are derived from VCKMVEKM =1,
read as
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UT gy =V, Vg + Vi, Vg + V4V, =0
UTsh = V;b Vus + th VL‘A‘ + V:b Vts =0
UTds = V;x Vud + Vt\ Vcd + V;k\ th =0 <2>

plus three additional triangular relations. The three relations
of Eq. (2) are visualized in Fig. 1.

In the SM, the CKM matrix has only four independent
parameters. Therefore the angles of these triangles can be
expressed in terms of four angles [5]. The first relation in
Eq. (2) is known as the unitarity triangle, with the three
sides of the same order, and has been studied extensively.

FIG. 1. Unitarity triangle UT,, involving the first and third
columns (top), Unitarity Triangle UT,,, involving the second and
third columns (center) and Unitarity Triangle UT,, involving the
first and second columns (bottom) of the CKM matrix. Note that
these triangles are not to scale.
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However the other ones deserve to be studied in detail as
well, in order to investigate the consistency of the SM
further.

We define the angles of these triangles as

a = arg <— —V:”th> p = arg < L"’V”d>
Zb Vi th Vi
Vi Vua
— ——ub ud) 3
d e < Vﬁbvcd> ( )

arg

arg (—vze¥in) g g (V).
V:h ts V;bvcs

v @

VZh us
o V;x Vud o V;k\ th
gy = arg _V*Vd ’ ﬁds_arg _V* Vd ’
ts V1 cs V¢

Vds = arg <_

For the angles a, f#, and y of the triangle UT,, we have
adopted the usual convention with circular permutation of
the quarks ¢, ¢, u. For the triangle UT,, we have adopted
the generally accepted notation for 3 [6], and for the other
angles the corresponding circular permutations of 7, ¢, u.
For the triangle UT,,, we have used the notation of UT,,
with the replacement b — 5,5 — d.

To get a feeling on how these different triangles compare
in the CKM scheme, let us give the angles of UTy, and
UT,,; using the Particle Data Group (2020) improved
Wolfenstein parametrization with the central values
for the relevant parameters A~0.226,A ~0.790,7n ~
0.357,p ~0.141 [7], that fit the ordinary unitarity triangle
UT g,

Ves Vcd)

9 5
V;x Vud ( )

UTsh: ((IX,/))X, }/\> =
UT 452 (. Pass Vas) =

(1.177,0.018, 1.947),
(0.402,2.748,5.8 x 1074).  (6)

In this paper we concentrate on the triangle UTj,,
which is rather “flat” since two of its sides are of order A2,
where A = sin 6, ~ 0.22, while the third side is of order A*.
The three angles of this triangle can be measured
directly at the FCC-ee. The angle f, can be measured
with precision through the well-known, and already
widely used, final states B (B,) — J/w¢ or J/yn. Once
this angle is known, one could measure the angle «a; by
the final states By(B,) — D{K~, D%, and their CP
conjugated modes B,(B,) —» DyK*, D%, as will be
discussed below.

Finally, the decays B* — D°(D°)K* (and their CP
conjugates) can determine the angle y,, as will be discussed
in a separate paper [8].

u h C
u'f K u'~f Dy
S S
b c b i

Bs D; F,—»BR‘ ‘1\'

FIG. 2. The leading Feynman diagrams for the B, decay to the
final state D] K~. There are also exchange diagrams, which are
expected to be small and involve the same CKM elements.

ﬂ_(_% 4 ﬂ—)—q

FIG. 3. The leading Feynman diagrams for the B decay for the
final state D%¢. There are also exchange diagrams, which are
expected to be small and involve the same CKM elements.

I1. STUDY OF INTERFERENCE EFFECT FOR
B,(B,;) INDUCED THROUGH THE INTERPLAY
OF MIXING AND DECAY

A. B, decays to non-CP eigenstates

We first investigate the sensitivity for measuring CP
violation at FCC-ee with the modes B(B;) — Dy K~, D}
and their CP conjugates (see Figs. 2 and 3), that measure
the same CP violating phase [9].

The eigenstates of the 2 x 2 B, mass matrix M — %F are
written in terms of the B, and B, states as follows:

(-)q|B,). (7)

In the Standard Model the box diagrams in Fig. 4, which
are responsible for B, — B, mixing, dominated by r-quark
exchange. Thus, one can safely use the approximation
lg/p| =~ 1, where g/ p is given by a ratio of CKM matrix
elements V7, V. This approximation is good at the
sub per mille level,

<g> =\ (®)
P/ B, My ViV

Similarly the phase of ¢/p is given by arg(—V#V,/
Vi, Vi) to a sub per mille level as well. Note that the
quantity above is not invariant under phase convention and
thus is not an observable. Let us now write also

|Brmy) = p|By) +

W= ¢ =u,cl

b ——WWWWW — 8 b—> > 5

B, ¢i=ucty

3 — AW ¢ A 3 < ¢ ¢ b

W 4 = 0,61

FIG. 4. The box Feyman diagrams for the B, — B, mixing,
dominated by r-quark exchange in the SM.
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AU o B
D=piey T )
= q{fIBy) = p {f[By)
Mf) === , A = , 9
D=rimsy = ggmy Y
and with the notation p = |A(f)|, one has
ﬂ(f) — pei(¢CKM+5.v)’ ;1(}) pe i(~pckm+0s )
,1(}) — ; ei(ﬁbCKM—(s.v)’ ,_1<f> — ; e_i((bCKM+{s.v)’ (10)

1+p2C ATt

L(By(1) = f) = |{/]B,) 2 osh™ "+

cosh———

T(By(1) = f) =|(f|B)[?e™" 2

P(B,(1) = ) =| (/1B e 2

osh= L+

L(By(t) = ) =(f1By) e 3

In Eq. (11), terms of order a = Im -1 L2 have been neglected

(q/p)*> =1=a), p=|A(f)| is the "Modulus of the ratlo of
the amplitudes (10), Am = my —m; ~17.757 ps~' is the
mass difference between the B, eigenstates (H, L stand for
heavy and light states), ' = F”ZLFL, Al' =T} —T'y (so that
ATl > 0 for K and B, mesons), and ¢&p = dexm =+ s,
where ¢cky 1 the CP-violating weak phase and J; is the
difference between the strong phases of the interfering
diagrams (see for example Fig. 2). Moreover, if the time
dependence is normalized to an integrated finite interval in
t that is not [0, oo], one should introduce a normalization
factor Ny in (11).

In the following, for the sake of simplicity, we neglect
the width difference ATy = (0.090 & 0.005) x 10'2s7! [7],
the effect of which is negligible in this study. Note however
that these terms with ATy help to remove ambiguities for
the extraction of ¢cym-

In order to observe these distributions experimentally, one
needs to tag the nature (B, or Bj) of the initial B-meson.
Unfortunately, this tagging is imperfect, and one needs to
introduce the wrong tagging fraction @ in the equation
above. We define thus the experimental distributions

L(By = fep = (1 = @)T(B; — f) + oI (B, — f).
T(By = flexp = (1 = @)T(Bs = f) + @L(B, — f),
L(Bs = flep = (1 = @)(By = f) + ol(By = f),
T(By = flexp = (1 = @)T(By = f) + @L(B, — f). (12)

Including the wrong tagging fraction w, Eqs. (11) can thus be
approximated as

l—p

Al't
3 3 cos Amt + pcos ¢¢psinh—— 3

2
1+p> ATt 1—p

ATt
cos Amt + pcosg¢psinh—— >

ATt
cos Amt+pcosgcpsinh—— 5

{

{ 22

{1+p oY1
e

2
1+p2 ATt 1—p
2

where ¢pcxym and o, are the CKM phase difference and strong
phase difference of the two diagrams in Fig. 2, respectively.
Some words of caution. Note that Egs. (10) are relevant only
forp # 0.Itis indeed the case forthe modes B (B,) — D K~
and their CP conjugates, as can be seen from the two diagrams
of Fig. 2. However, for the pionic mode B, — D] 7z~ and its
CP conjugate, which are useful to measure the mixing
parameter and wrong tagging fraction, as will be discussed
below, it is not possible to get the same final state through
B, — B, mixing, and only the decays (f|B,) and (f|B,) are
possible. The complete time-dependent decay widths are

—psingpsinAmt ¢,
+psing¢psin Amt

’

—psingpsinAmt

Al't
cosAmt+ pcos P psinh—— > —i—psmqbcpsmAmt} (11)
| Amt
[(B,(1) > f) = |<f|Bs>|26‘“{[l — (1 = p)Jeos> -
Amt
+ P +o(l-p )]51n2—m

2

— (1 =2w)psingpsin Amt},

B0 = ) = 18P+ (1 = Peos 2
+[1-w(l- pz)]sinz%

+ (1 = 2w)psin pfpsin Amt},

8,0 = ) = 18P 2 + (1 = Peos 2
- w(l - pz)]sinz%
— (1 = 2w)psin pgpsin Amt},

P ) = 18P {1 - (1 = oo 22"
+ [p*+ (1 - ﬁ]mﬂ%
+ (1 = 2w)p sin ¢gp sin Amt}, (13)

One notes that the term including the CP violating phase
¢&Ep vanishes when @ = 0.5. It is thus important to develop
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a tagging algorithm reducing @ as much as possible. As
will be discussed later, for CP eigenstates one has p =1
and 8, =0. If p =0 as for B, - D}z, one finds the
equations of the sole mixing.

Using all four decays in Eq. (13), one can extract
sin? pcxm With a twofold ambiguity

sin pekm
1 +sing/psingep + \/(l —singp3) (1 —singgd)
pr— 2 N
(14)

where poxm =7 — A, + s =1 — 7 + 205 — Vus-

B. B, decays to CP eigenstates

For CP eigenstates one has p =1 and J; = 0 and one
has therefore,

[(By(1) = fer)

=[(fcr|Bs)[Pe™ {1 = (1-20)nsingcpsin Amt},
T(B,(1) = fcp)

=[{fcp|By) e {1+ (1=2w)ysingcpsinAmr}, (15)

where 7, is the CP eigenvalue of the final state, e.g., 7, =
+1 for J/ym.

C. Strategy to determine the angles f; and «;

1. CP eigenstates

Let us now investigate the CP eigenstate final state
modes such as B (B,) — J/w¢ (for definite longitudinal,
parallel or perpendicular transversity polarizations) or
J/wn (see Fig. 5).

The angle f; can be determined by the angular analysis
of By(By) = J/w¢ — uu~K+K~ [10]. It can also be
measured by other decay modes where no angular analysis
is necessary, like B(B,) — J /ym.

Fora V, — V, final state such as J/y ¢, 1, depends of the
polarization state. For J/y¢, it is n, = +1 for the longi-
tudinal and parallel polarizations while it is 7, = —1 for the
perpendicular polarization. In case one does not disentangle
the polarization by doing a full angular analysis, one would

b s | b ¢
& v e IV
B, w= B, = B, W
8 :

1 o) — o)

FIG.5. The leading Feynman diagrams for the B, decay for the
final state J/w¢ or J/wn. There are also exchange diagrams,
which are expected to be small and involve the same CKM
elements. Penguin diagrams also exist and include other CKM
elements, but they are expected to be negligible.

TABLE I. Polarization fractions of the final state J/y¢. It is
interesting to note that due to the V — A structure of the SM
model, one expects the helicity amplitude A, ~ 0, and therefore
the relation between transversity fractions f| = f, in agreement
with the measured values within 2.

fo=T.,/T fi =TT fi=T./T
CP +1 +1 -1
J/yoh 0.527 +0.008 0.228 + 0.007 0.245 £+ 0.004

have an effective n,=1-2f, =0.5104+0.008 as
obtained from the experimentally measured polarizations
[7] summarized in Table I.

For this mode one gets the product of the CKM elements,

_ V:bvts Vchvis _ V:bvts Vchvis o |Vcbvzs|2

_ i(ﬂ+2/3lv)’
thV:\' th VL‘A‘ Vﬁhvcs thV:\' |Vthv>tks|2
(16)
and therefore one obtains
bep(J/we) = + 2B, (17)

From B(B,) — J/w¢, LHCb gives the present precision
on this angle by the direct measure @S = -2, =
—0.083 £ 0.041 [11], compared to the SM model predic-
tion B, = 0.0185 £ 0.0003 [12]. It is worth emphasizing
that at present f, is poorly measured, and that the future
experiment at FCC-ee would give a much more precise
determination.

2. Non-CP eigenstates

For By — D K~, D¢, from (8), one gets the invariant
product of CKM elements,

ik — ViV VeV
§ VinVis VipVes

:‘ VL‘bVZA' X‘ V:bvm' ei(bCKM’ <18>
thvz, Z[,Vcs

where ¢y 1s the weak phase violating CP. One can
rewrite the expression above as

/1<DTK—> _ tbvts % Vcbvus
‘ VieVes  ViVis
2 *
_ | Ver"| Vs Vs eitr=acth)  (19)
Vuh th VL‘A‘
and therefore one gets
¢CKM<D\K> =T - (as _/))A'>7 (2())

where o, and S are angles of the second unitarity triangle
in Fig. 1. If p, is known from the angular analysis of
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By, = J/w¢p — ptu~ KK, Eq. (20) shows that the modes
D K would allow a direct determination of aj.

However, with the expected sensitivity at FCC-ee, the
determination of the angle B, in By — J/w¢ has an
important theoretical uncertainty due to penguin diagrams.
This uncertainty becomes critical if the ratio of the
amplitudes penguin/tree is of O(3%) or larger. Then, the
theoretical error will begin to dominate over the exper-
imental uncertainty.

Since in the SM the sum of the three angles is 7, one has
dcxm = 7 — (ag — fg) = 2 + 74, and one could have an
estimation of y, although this will not be a direct deter-
mination since the SM has been assumed. Actually, the sum
a, + fs + v, =« is more general than the SM, as it is a
consequence of three-generation unitarity.

This is a similar situation to the angle y of the ordinary
unitarity triangle UT 4. It was proposed by I. Dunietz to
measure the combination —(2f + y) by the decay modes
B4(B;) — D"z~ and their CP conjugated [13]. The angle
£ was well known at the time, and this combination could
give information on the still poorly determined angle y.

Therefore, once one obtains a measurement of the angle
P, from CP eigenstates, by using Eq. (20) one could get
information on the angle a, from the time-dependent CP
asymmetries for B, —» D{K~, D% or B, — D; K+, D%
and their CP-conjugate modes. On the other hand, since the
angle f3; is small, a measurement of ¢pcxp (20) would give a
rather good preliminary determination of «;.

Let us now look at relations of ¢cky to other angles, in
particular those of the standard T, triangle. This is
possible because the number of independent parameters
of the CKM matrix is four, as exposed in Ref. [5].

Indeed, one can write «; as

Vudvibvcdvcs>

arg < V;h Vus) arg < V;h Vus %
s = BET R T T *
th Vts th Vts Vudvcb Vcdvcs

VeV ViV ViV,
=arg <—Zh7ud> —arg <_ :b ts ) + arg <_ :\ Ld)
ch VL'd ch VL‘A‘ Vus Vud

:}/_/))A' +Vds- <2l>

where y is one of the angles of the usual unitarity triangle
involving the first and third columns of the CKM matrix
and y 4, corresponds to one of the angles of the third triangle
in Eq. (2) (see Fig. 1), that is very small. Hence one could
approximate a, by

Ay =Y — /))A'7 (22>
and from relations (20)-(22) one gets, neglecting y 4,
bekm = =7 + 2 (23)

a relation that would be an interesting test of the CKM
scheme, since S, appears as a correction to an angle of the
ordinary unitarity triangle 7'y,.

The determination of y using B, — D K was first pro-
posed by R. Aleksan et al. [9]. Equation (23) is known [14],
and has been proposed at LHCb to measure the angle y once
ps would be measured from the angular analysis of time-
dependent CP violation in By(B,)—>J/w¢p—utu K K~

III. EXPERIMENTAL EXPECTATIONS AT FCC-ee

As one can see in Egs. (13) and (15), CP violating effects
are damped by the fraction of wrong tagging w. Table II
shows typical tagging performances of some experiments.
It is thus essential to measure this factor precisely.
Fortunately, the decay B, — Dz~ allows one to measure
the value of @ very precisely.

A. Generic detector resolutions

In order to carry out experimental studies, we define a
generic detector, the resolution of which is parametrized as
follows:

Acceptance |cosd) < 0.95
Charged particles
pr resolution "%’J = 2.x107°@ %
¢.0 resolution o(¢p,0)urad = 18 @%
. 1
Vertex resolution  o(dy, )yum = 1.8 %
e,y particles
Energy resolution ”(TE =3 X\}%Z ®5x1073

. _ 7
EM ¢, 0 resolution o(¢,6) mrad = 75

(24)
where 6, ¢ are the particles’ polar and azimuthal angles

respectively, pr (in GeV) the track transverse momentum,
E the e*,y energy and dy,, the tracks’ impact parameter.

B. Measuring the wrong tagging fraction

In order to extract experimentally the CKM phases
using the time-dependent distributions in Egs. (13) and
(15), one needs to measure precisely the wrong tagging
fraction. This can be done by using the decay By— D7~ —
(pn*)p 7~ — KK~ x"z~. Indeed, only one diagram is
involved in this decay (see Fig. 6) and thus no CP violation
is expected. Furthermore its branching fraction is relatively
large (~3 x 1073). Some 13.8 x 10° B, + B, such decays are

TABLE II. Typical tagging figure of merit for some experi-
ments, where ¢ is the tagging efficiency and w the wrong tagging
fraction, in the range 0-0.5.

Tagging merit LEP BABAR LHCb
e(1 = 2w)? 25-30% 30% 6%
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= nw
" d
b= > c
By _ ) _D¢
S < S

FIG. 6. The Feynman diagrams for the B decay for the final
state D z~. This decay involves only one diagram, hence is very
convenient for probing the B, tagging.

expected to be produced at FCC-ee when accumulating
150 ab™! at the Z-pole (see Table III). One gets the time-
dependent distributions from Eq. (13) with p = 0.

I(B,(1) = Dyx*)

l>

— (Dt B e (1 =) cos2 2 5 A osin 27’"

I(B,(1) = D)

l>

mt

=|(Dya"|B,)|?e™""q w cos —+(1 w) sin ZT

= (Dt |B,)|?e™ "< w cos? +(1 w) sin Tm

I(B,(1) = D n)

{ }
I(B,() - Di ™) { }
wsemper| }
{ o)

=|(Dya"|B,)|?e7"" (1 —w) cos T—Fa)sm —

(25)

TABLE III. The expected number of produced B, decays to
specific decay modes at FCC-ee at a center of mass energy of
91 GeV over five years with two detectors. These numbers have to
be multiplied by two when including B, decays. The branching
fractions of the Particle Data Group [7] have been used.

E.n = 91.2 GeV and [ L =150 ab™!

olete™>7Z) Number Number of
nb of Z f(Z — By) produced By
~42.9 ~6.4 102 0.0159 ~1 10"
B, decay Decay mode  Final state Number
mode of B, decays
CP eigenstates
Dfn DS — ¢n K*K—ztn~ ~6.9 100
D}fn~ DS — ¢p K+K_n'+n'_n'0 ~12.9 10°
D} K~ Df - ¢ K 'K ztK- ~5210°
D{K~ Df > ¢p K'K 'K’ ~9810°
D% D’ - Kr K z'K'K~ ~6.1 10*
D% D’ - Kp K z'K'K 2 ~1.710°
CP eigenstates
J/wo Jw—ptp  pru KK ~3.2 10°
J/wn Wy —opy  wuyy ~9.6 10°

-—- fit
. MOSpes
+ data error

K
g

number of events

1.955 1960 1965 1970 1975 1.980

MDSres

-—— fit

e Bsmass
1400 1 =+ data error
1200 4

;

number of events
-3 o
8 8

8

g

5.37
ma,

FIG.7. Dy (upper plot) and B (lower plot) mass resolutions in
ete” > Z - By(B,) » Dfat - K*K-z'z~. One obtains
o(mp)~32MeV and o(mp)=06.7MeV. The geometric
acceptance of the detector (| cosd|(.95) leads to an efficiency
of 86% for this four-body final state.

The main source of background is the combinatorial
one, which is however expected to be small, thanks
to the excellent mass resolution on D and B, as shown
in Fig. 7.

The expected time-dependent distributions correspond-
ing to the Eqgs. (25) are shown in Fig. 8. One extracts the
resolution of the wrong tagging parameter by fitting these
time-dependent distributions. Thanks to the large statistics
available, one finds o(w)=~ 1.4 x 10™*. The oscillation
frequency Am/T is also obtained with a resolution of
about 5 x 10~*. In these figures, no resolution on the flight
distance has been included.

There are three sources of smearing of the B oscillation
frequency.

(1) The uncertainty on the B, reconstructed momen-
tum: In Fig. 9 (upper plot) we show the B; flight
distance. The average distance is ~2.8 mm. In
Fig. 9 (lower plot) we show the resolution on flight
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— it
250000 4 Piapat = 0.000 « B=DSm
tagupe=(1 - 2w)=0500 F data error
200000 - Amf g =2 660401 + 6 60-04
0 Wy =250e01 = 170e-04
e
s
150000 1
5
I}
o
5 ]
2 100000
50000
0
0.0 0S 1.0 15 20 2.5 3.0
x {in kfetime unit ¢/7)
250000 — fit
Qrput = 0.000 « BgoDSm*
agnpue=(1-2w) =0.500 # data error
200000 4
AMlFe=2 66e+01 = 7 3e-04
" wo =2 50e-01 = 1 86e-04
§ 150000
[
]
:
E 100000 1
c
30000 4
0-
0.0 0.5 1.0 1.5 20 25 30

x {in lifetime unit /1)

FIG. 8. The time-dependent distribution for By — Dyz" + CP
conjugate (upper plot) and B; — Dz~ + CP conjugate (lower
plot). The overall statistical resolution on w is 1.4 x 1074,

distance due to the error on B reconstructed
momentum, which is negligible.

(2) The uncertainty on primary vertex position:
This resolution is obtained by a combination
of the beam interaction point (IP) and reconstructed
primary vertex. The error on the IP position at
FCC-ee is obtained from the beam size; o(IP,)~
4.5 ym, o(IP;) ~0.02 yum and o(IP,) ~0.30 mm.
Combining these constraints with the measured
tracks originating from the primary vertex
results in an overall negligible primary vertex
resolution.

(3) The uncertainty on B decay vertex position:
This has been evaluated to be the dominant
contribution. However, it is estimated that its
impact on the B, flight distance is of the
order of ~18 ym (see Appendix). Overall, the
resolution on the B, flight distance remains
below 20 pm, and thus leads to a minor damping
of the time dependent curves, which does not
significantly affect the measurement of the CP
violating angles.

10* 1 -—= fit
 — d{m
+ data error
10 §
<]
=
g 1021
@
oct
o
o
.g 10* 1
3
[
10° -
107
15000 20000 25000 30000 35000
dmgne(m]
3000 4 R
W dresidnagnt
2500 1 +  data error
2
€ 2000
>
@
S 1500
2
E
2 1000 -
500 1

-100 -75 -50 -25 00 25 50 75 100
dres — dmignelum)

FIG. 9. B, decay distance (upper plot) and resolution on decay
distance due to momentum resolution (lower plot) in
ete™ - Z - By(B,) » Difat — K*K~x'z~. The uncertainty
is 1.4 ym, and is negligible compared to the average flight
distance of 3 mm.

C. Measurement of the CKM angles a, and g,

We have now all the ingredients to evaluate the sensi-
tivity on the CKM angles a, and g, with the decays
B,(B,) » DfKT and By(B,) — J/w¢, respectively,
which one expects at FCC-ee.

Let us first concentrate on By(B,) — DifKT. We sim-
ulate these reactions with the parametrized detector using
some specific values for the strong phase difference,
oy = 40° and the CKM phase, ¢ = 70°, which is very
close to the expected value from the present indirect
constraints on the angles of the corresponding unitarity
triangle. We show in Fig. 10 the signal together with the
main sources of background, with the expectation of the
combinatorial one, which is however expected to be small,
thanks to the excellent mass resolution.

As can be seen in Fig. 10, the signal is already rather
clean without PID but becomes very clean once a simple
PID is turned on. Using the signal, the time-dependent
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FIG. 10. B, mass resolutions in B (B;) - DfKT decays in
ete”>Z—By(B,) > DiKT - ¢prtKT > KK n*KT. The
upper histogram shows the signal and backgrounds without
particle identification. A simple particle identification (PID)
based on time of flight and dE/dx is turned on for the lower
histogram.

distributions  corresponding to  Eqs. (13) are
shown in Fig. 11. From a global fit of these four
time-dependent distributions, one extracts the resolu-
tion on the CKM phase ® and the strong phase difference
0,. Thanks to the large statistics available, one
finds o(®) ~0.4°.

Note that this resolution could be further improved by
using several other B final states involving the same CKM
phase, such as D**K¥ or DY K*¥. In addition one can use

other D, final states, such as D} — K*(K*)K* —
KtK~-z* and D — ¢p* — KK~ 7=2°. However, since
several of these modes include neutral particles, excellent
electromagnetic calorimeter resolutions are crucial to reject
the backgrounds.

We now focus on B(B,) — J/y¢ decaying to the four-
body final state u™u~KTK~. The geometric acceptance is
very similar to DfzT — K*K~-ztz~. The B, mass
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-
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FIG.11. B,(B,) —» DfKT time-dependent distributions (upper
s\Dg s P PP

and lower plots) with the statistics of 150 ab~! expected at
FCC-ee.

resolution is also very similar to DyzF. We show in
Fig. 12 the J/y mass resolution. From the time-dependent
fit (Fig. 12), sin¢ = sin2f, is measured. Thanks to the
very hight statistics this lead to the resolution
o(f;) = 0.035° while this angle is expected to be ~1°.
This sensitivity assumes that a full angular analysis is
carried out since this two-vector final state includes CP =
+1 and CP = —1 contributions. If one does a simple time-
dependent analysis as in Fig. 12, the amplitude of the
interference is reduced by factor 1 —2f | ~ 0.5, as already
mentioned. This leads to o(f;) = 0.07°. Interestingly, the
impact of the present error on f, is negligible. Part of this
reduced sensitivity can be mitigated by using additional
J/w final states such as eTe™(y) or other modes, such as
J/wn, which is a pure CP = +1 eigenstate and does not
necessitate an angular analysis. In this latter mode, an
excellent electromagnetic calorimeter is required to reject
the backgrounds. In summary, the resolution of &(f;) =
0.035° mentioned above, is reachable.
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FIG. 12. By(B,) — J/w¢ decay in ete” — Z — By(B,) —»
J/w¢p — utu"KTK~. The upper plot shows the reconstructed
J/w mass. A resolution of ~5.2 MeV is observed. The two time-
dependent distributions [Eq. (15)] are shown in the lower plot
with the statistics of 150 ab™" expected at FCC-ee.

IV. CONCLUSIONS

In summary, we have shown that excellent resolutions
on the angles a, and f, are expected at FCC-ee with
o(ay) ~04° and o(f;) ~0.035°. These angles are two
angles of the unitarity triangle UT;, defined in Eq. (2) and
Fig. 1. The angle directly measured by the mode
By(B,) » DK™ is given by (20) ¢p x = 7 — (a, = f,)
and the mode B,(B,) — J/w¢ gives a direct measurement
of the angle (17) ¢;,,4 = 7= + 2f3,. In a forthcoming paper
[8] it is shown that the modes B* — D°(D°)K* —
K*K~K* and B* — D°(D°)K* — K, a°K* enable
one to measure directly ¢poxr = 7+ y,. Interestingly,
should unitarity hold, one has a simple relation between
these observable phases, —¢p g+ @ypp + Ppox =
0( mod 27). All the angles of the flat unitarity triangle
UT,;, can thus be determined directly with high accuracy.

- — uuKK Entles 14780
1(P Moan 1.0
Sud Dev 0.7671
10°E E
— F
P L
10¢ E
U3
PRI | N PR
0 2 4
¥2n.d.f.
oy il ok
— [N(B, tracks )!= 4
£ %
o 20f
£ 1cE
g R
[0} 0:_‘,_
Q F
§ —10F
o :
© -20F
z C
2 -30F
0 2 3

6 of B, (rad)

FIG. 13.  Upper plot: Distribution of the normalised y? of the fit
of the By — J/w¢ — uuKK vertex. Lower plot: Profile histo-
gram of the difference between the reconstructed and the
generated By flight distance, as a function of the B, polar angle,
for the B, — J/w¢ — uuKK decay. The error bars show the rms
of the distribution in each bin, hence the resolution in the flight
distance.

APPENDIX: RESOLUTIONS IN THE
RECONSTRUCTED FLIGHT DISTANCES

The resolutions in the reconstructed B, flight distances
have been determined using Monte-Carlo events that were
passed through a fast simulation of the tracking system of
the experiment based on DELPHES [15]. The PYTHIAS
Monte-Carlo generator was used to simulate the production
of bb pairs and the decays of the B, mesons were
performed with the EvtGen program. The resulting charged
particles were turned into simulated tracks using the
“TrackCovariance” fast tracking software implemented in
DELPHES. It relies on a description of the tracker geometry.
The vertex detector and the drift chamber of the IDEA
detector [3], which provide resolutions similar to the ones
given in Sec. IIL.1, are used here. In this geometry, the
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FIG. 14. Upper plot: Resolution in the reconstructed position of
the D, decay vertex in the decay By, - DK — KKzK. Lower
plot: pull of this reconstructed position. The red curves show the
results of a Gaussian fit to the histograms.

central beampipe has an inner radius of 1.5 cm and
the innermost layer of the vertex detector is at 1.7 cm of
the beampipe center. The tracking software accounts for the
finite detector resolution and for the multiple scattering in
each tracker layer and determines the (nondiagonal)
covariance matrix of the helix parameters that describe
the trajectory of each charged particle. This matrix is then
used to produce a smeared five-parameter track, for each
charged particle emitted within the angular acceptance of
the tracker.

A simple standalone code is used to fit a given set of
tracks to a common vertex [16], under the assumption that
the trajectories be perfect helixes. When reconstructing the
vertex corresponding to a given decay, a perfect “seeding”
is assumed. For example, for the decay B, — J/w¢ —
uuKK, the vertex is reconstructed using the simulated
tracks created from the muons and kaons that correspond to
this decay. Once the B decay vertex is reconstructed, the

B, _> D, K - KKxTK ; Entries 8401
Mean o.08211
amj.decay vertex el ——
r £/ ndt 3s1.6/97
250; Constant 26 :38
- Mean 0.03044 + 0.20892
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2001 3
.g C ]
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w " ]
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B, decay verlex [ Mo ooos7os
350:_ 95.48/75
= Constant 3327 45
300.— Mean  0.01446 + 0.01006
E 0.997 + 0.008
250+ E
. 200F :
— s ]
© 150 y
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Pull Bs flight distance

FIG. 15. Upper plot: Resolution in the reconstructed flight
distance of the B, in the decay B, — DK — KKzK. Lower plot:
pull of this flight distance. The red curves show the results of a
Gaussian fit to the histograms.

flight distance of the B, is taken to be the distance of this
vertex to the nominal interaction point. " The distribution of
the difference between the reconstructed flight distance and
the flight distance given by the Monte-Carlo information is
approximately Gaussian, and its rms can be used to define
the resolution in the reconstructed flight distance. This
resolution is shown in Fig. 13 as a function of the polar
angle of the By, for the By — J/w¢ — uuKK decay. As
expected, better resolutions are obtained in the central
region, since the tracks suffer less multiple scattering than
in the forward region. The figure also shows the

'No attempt is made here to reconstruct the primary vertex of
the event. However, it was checked that with a beam-spot
constraint, the primary vertex can be reconstructed with a
resolution of 4um—Sum in bb events, leading to a negligible
contribution to the resolution in the B, flight distance.
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distribution of the normalized y? of the vertex fit, whose
average is at one, as expected.

The reconstruction of the B decay vertex in By — DK
is more complicated since D, does not decay promptly but
leads to a tertiary vertex. In a first step, the Dy — KK=x
decay vertex is reconstructed, using the tracks correspond-
ing to the three daughter particles of the D;. When three
tracks are reconstructed (about 95% of the events), the
position of the D vertex (the 3D distance between the
vertex and the origin) is reconstructed with a resolution of
about 33 pm, as shown in the upper panel of Fig. 14. The
lower panel in the same figure illustrates the good quality of
the fit; from the covariance matrix of the coordinates of the
Dy vertex, an uncertainty on the D, vertex position is
computed, and is used to determine the corresponding pull,
i.e., the difference between the reconstructed and the
generated D vertex positions divided by this uncertainty.
As expected, the distribution of the pull is gaussian with a
variance of unity. The momenta of the tracks corresponding
to the Dy daughters are then propagated to the D decay
vertex, such that their sum gives the three-momentum of the
D, when it decays. From the D; momentum at its decay

point and the coordinates of this decay vertex, a D

“pseudotrack” can be reconstructed, i.e., a set of five

parameters that describe the D, helicoidal trajectory. In

order to use this pseudotrack in the vertex fitter together

with the track associated with the “bachelor” kaon (the K

from the B; — DyK decay) to reconstruct the B decay

vertex, the covariance matrix of the D, pseudo-track must
be determined. This is done using a bootstrap method:

(a) the parameters of the D, daughters’ tracks are smeared
according to their covariance matrices;

(b) a Dy vertex is refit using these smeared tracks, which
are propagated to this vertex to define a D; momen-
tum, and the five parameters of a D, pseudotrack;

(c) the covariance matrix of the Dy track parameters is
obtained by statistical inference, over a large sample of
D, pseudotracks obtained from smearing the D
daughter tracks many times.

Figure 15 shows that, from the D; pseudotrack and
the track of the bachelor K, the vertex fitter reconstructs
the B, decay vertex with a resolution of about 18 xm, and
that the pull of this B flight distance is distributed as
expected.
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