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« CP violation and determination of the bs "flat" unitarity triangle at FCC-ee,
https://arxiv.org/abs/2107.02002

« Study of CP violation in B* decays to D° (D) K* at FCC-ee
https://arxiv.org/abs/2107.05311
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Unitarity triangles | — =

. . . . . Vekv = Ve Ves I‘/c
Six triangular relations from unitarity of Voip - ¢ <

I
Among them : Via || Vis :_thl_
ﬁe (usual) “(b, d) triangle” \ / The (b, s) triangle” \
Vb Vud ¥ Ve Ved ¥ Vi Vig = 0 Viub Vus + Vieb Ves * Vip Vis =0
(23, A3, A3) ( 24, 22 22)

(a51 BS7yS)~(67oa 1 0’ 111 O)
All angles are (quite) large. KCan be measured directly at FCC-ey

Extensively studied experimentally
The “(d, s) triangle”: even more squashed

( SM: Relations between the angles of these triangles )

- Study expected precision at FCC-ee on ( ag, Bg, Vs )

- Requirements on the detectors from these measurements
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Experimental sensitivities and detector response

« Expected sensitivities glven for 1017 produced B and 3.9 101 produced B*
corresponding to 150 ab™1 at FCC-ee at the Z peak

* Modelisation of the detector Acceptance :| cos 6| < 0.95
response . . 1.2 10—3
P Track pr resolution :O(I;T) =2.x107° & —X.
DT pr sin 6

« Smearing of the momenta and

: . , 1.5 x 10°
angles of particles in the decays of Track ¢,0 resolution :0(¢,0) prad =18 & —~=
. prVsinf
Interest s 10!
. . 4 X
« Parametrisation based on Vertex resolution :0(dpy,) pm = 1.8 @& :
prVsin

typical performance of a light

Vertex resolution : < ¢(dpm) > bachelor K in D K
tracker at a future ee detector ¥Crtex resolution s < o(dum) > bachelor K in

« Excellent EM calo resolution < o(dm) >~ 10 pym

° E 1 _9
Used for most results shown Calorimeter resolution :J( ) = 3 x 10 @ 5x 1073
here 7 75

« Common SW : Full MC events + response of the IDEA detector with DELPHES
« Detailed description of tracks, accounting for multiple scattering
« Genuine vertex fitting
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Measurement of B¢ B, = arg ( ‘/t}l;%s)
¢ =

Vo Ves

Bs : very small in the SM ( 1 degree ), and known precisely.
Hence can set strong constraints on New Physics.

- Golden channel: Bg->Jiy ¢
- Measure CP violation in the interference between B4 mixing and b — ccs decay

- Analogous of By -> Jiy K¢ from which sin(2) is extracted

- Already largely used at LHC, but low precision so far: PDG: B, = (0.60 + 0.89)°

) ; } ' ) {
) / ¢ ¢ J
[} I B, <+ D I
. Vib Vs )
Veb Vies - X Ves Vigp
. . . Vis Vi
When final state f is a CP eigenstate: Doy () ®) =2 Bg (+11)

B (( I?:S)(t) >f)~e Tt [ 1% nscp (1-2w) sin Oy sin(Amg t) ]

w = mistag rate, (well) rqeasured independently, see later
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Measurement of B¢

Final state: two muons from J/y + two kaons from @

B§ — Jhy

: =~ F T3
Parametrized response, m(J/i) £ [ wac Compare to E
- it = 30p |- <d>~28mm -
60079 1 =1.00e+00 ab~ [{ Mp.p, ) : : 5 E
Ecm =91.2 GeV 7+ data error 2 20t -
cos(6,) < 0.95 N + B ]
500 o) N ]
‘2 9 10__ ..................... ]
g 400 o=5.2 o f ;
s i Mev |2 °F Bk
@ 300 3 © C ]
_E i }Z) B ] S N M . -
2 2004 I}KI‘I 2 -
{g \ T 20 ] -
1 2 ¥ ]
0. - 5 L 1]
3.075 3.080 3085 3090 3.095 3100 3.105 3110 3.115 0 1 2 3
e 0 of B, (rad)
[ne* tag * (sing)linput = 1.85e-02 - lifetime
800007 [ne* tag* (sing)]sic = 1.88e-02 + 5.4e-04 —
- * Bs—Jly¢
tag = (1 - 2w) = 0.500 — it
= 1.000 . E—o//w¢
= 60000 1 = data error
g ++ data error
[ V]
8 40000 _
: o (Bg) = 0.035° from -
° . *
this mode only (*)
o \
0.0 0.5 1.0 15 2.0 2.5 3.0

x (in unit of lifetime t/1)

Delphes, m(J/y)
12500 after vtx reco

Mean 3.104

2000
Sigma  0.005393
1500 o =54 .
1000\ MGV =
500 -

L —
0 3.08 3.1 3.12

mass (GeV)

Statistics: 3 M B¢ decays, large enough to
measure precisely the small modulation.

Bs will be known very precisely !

- O(25x) better than current average
O(7 x) better than expected from
upgrades of LHCDb/Bellell (late 2030s)

(*) J/Y @ : need an angular analysis as different
polagsations of VV have a different CP
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Measurement of the mistag rate: B — DY 1

. « Relatively large BR, 0.3 %
J . « Expect 14 M such decays
b — c * No diagram for B — Ds™ 11, i.e. flavour-
Bs _ ) _ D specific decay and no CP violation in this
’ ) : mode.

Very convenient for probing the Bg tagging :

M(Bg(t) > D" m)~e Tt (1-w)cos2Amt2 +  w sin? Amt/2) ]
[(Bg () > D m)~e Tt w cos? Amt/2 + (1-w)sin? Am2) ]

1. — fit
250000 Pinput = 0.000 « BsmDSm”
taginput = (1 - 2w) =0.500 J« data error

Very precise determination of the
Am/l s = 2.66e+4+01 = 6.6e-04 .
Ws =2.50e-01 + 1.70e-04 m|Stag rate,
o(w)~1.310%

200000 +

150000 A

numper or events

100000 A

And an improved determination of Amg,
Amg /Tsto 51074
i.e. O(100x) better than current PDG.

50000 A

0 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0
x (in lifetime unit t/1)
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Measurement of ag : Bg to Dg K a, = arg (_“/}Lb%)
tb " tS

) (

W K W D,
, Pokm =T — (ag — Bs)
J ; - C - h i
B. D B, B. | K

5 S - 5

-4

-
1

a

. .

« Again CPV from the interference of mixing and decay
« But now have four time-dependent rates

B >D* K ,Bi—>D K* B, —>D' K" ,Bi—>D K"

F(Bs(t) — f) = |< f ‘ B, >|2 e—Ft{[l —(,U(l —p )]CObz Amit

+ [p? + w(1 — p?)] sin? %

®*cp= Peym *8

— (1 — 2w)psin ¢ p sin Amt}
F(B_S(t) N 7) = |<f]|Bs >‘2 e—Ft{[l —w(l— p2)] cos2 % 0 = StrOng phase difference
p = ratio of |amplitudes]

+ [p? + w(1 — p?)] sin? %

+ (1 — 2w)psin ¢ p sin Amt}

( + two other equations not shown )

Hadronic parameters p and & can be determined from the data together with
ek (2-fold ambiguity) , hence negligible theoretical uncertainties
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Bs to DK : signal reconstruction when Dg — ®(KK) 11

number of events

-—- fit
| Bs—’DsK
8001 wmm B.-D.1(=K)
mm BY-D.K
BS—*D; K
600 *
Bs~D. n(=K)
E B:~Dsp(=K)
mm B°-D n(=K)
400 - ‘
= data error
NO PID bl !
¢
200 A ‘.
Al ] : L )
0 '—m—r
5.33 5.34 5.35 5.36 5.37 5.38 5.39 5.40 5.41
mBsres
B, - DK — KKznK Entries 8401
w T | T T T T |
— decay vertex Mean 0.09211
GC) 300 ¢ Y Std Dev 20.32
> ¥2 / ndf 351.6/97
L .
250 Constant 236 = 3.8
Mean  0.03944 =+ 0.20892
Sigma 18.39 = 0.21

Delphes,
IDEA

100}

50

0F

1 | 1 1 1

Bg vertex
resolution about
20 gm

_50 1 1 1 0

750

flight distance (rec-true) (um)

150 ab™!: O(1 M) B, + B such decays.

Background from D¢ 1 already suppressed
thanks to the mass resolution.

MOdest PID
-—- fit
120 A mm Bs—DsK
mm Bs-Dn(=K)
100 - . BO—»DSK
2 B~D. K
c
% 80 - B.~D. (= K)
S N B.-Dsp( = K)
g 60 mm B°-D n(=K)
g 7 data error
£ 401
20 A
o = Se-R-aca-g-g . Q' EF7Y
T T T T T T T T T
5.33 5.34 5.35 5.36 5.37 5.38 5.39 5.40 5.41
mBSres

Full analysis with Delphes MC samples has
started (Marco Scodeggio, Ferrarra)
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Sensitivity on ag (orony )

5000 A

4000 A

3000 A

2000 +

number of events

1000 A

— fit

tag* (sin(¢ = A))jnpur =-9.40e-01 , -5.0C ¢, Bs=Ds K

p=0.707 — fit

tag=(1 — 2w)=0.500

(sin(¢ + A))sr =-9.38e-01 % 5.
+= 7.

[ e-03 « B;»DJK~
(sin(¢ — A))sr =-5.08e-01

7
9e-03

prir=7.11e-01 + 4 92e-03 7= data error
(Am/r)s: = 2.66e+01 + 9.0e-03

7= data error

0.0

0.5 1.0 1.5 2.0 2.5 3.0

X (in unit of lifetime t/1)

Algebra of the args( V; Vigi / Vk V*)) -

ag =y - Bg * tiny angle from the (d,s) triangle  also a measurement of y.

Current:

12/1/21

PDG:y = (71.112%)° y

9

Statistical precision on ®¢ (on ag )
with 150 ab™! : 0.4 degrees

Resolution on Bs vertex = 20 ym
i.e. O(40) x better than the wave-
length of the oscillation. Hence
vertexing performance as given
with IDEA good enough for this
measurement.

Hence this measurements is

i.e. 10x improvement w.r.t. current
LHCDb/Bellell (late 2030s) : similar
sensitivity expected - PRD 102, 056023
(2020)

E.Perez



B to DK : inclusion of other modes

<
number of events

Resolution could be further improved by including other modes, that add a photon
(e.g. Bs - Ds* K ) or a 1m0 (e.g. Bs — Ds K*) to the final state.

Most promising boost in statistics: Bs — Ds Kwith Ds - ® p —» K'K™ 1 0.

Could increase the statistics by a factor of 3.

Control of backgrounds: exquisite EM resolution ( < 5%/+VE) + PID (dEdx and ToF at

2m with 20 ns resolution used here)
Roy Aleksan, FCC workshop, Nov 2020

o
esr:gri‘ﬁséggg%o 1 5 /()/\/E, NO PI D >-<1>86;gf entries :3915.85 1 5%/\/E, PID ggzg.gonmooooog 3%/\/E, PI D 2020.12%'3/

2020-10-16
Signal :2514.5 11:09

00

] === fitDK
1600 === fit DK fit DX
- ftBtDK 0 fit BO-D,K
1400 { s DK 754 --- fit B%~D.K D,
DK DsK
Hm D;n(=K) 50 ’ ’
1200 - 0 Em D:n(=K) Deni( =K)
BY-D.K B0k
- 0
1000 - BY-Dsn(=K) PAR NP oo — 7Dk
J data error T BE-AEPR () O i | )
=  data error
8004 PID off 00 A data error
opr 1 U on
600 - o co Qp,sm(E) 75 4 L= Co @ 1 I
co= 2.0e-05,c = 1.2e-03 T pisin(e) ,\‘I
= 20e-05,0=12ep3\
4001 O = 9 g¢ 50 - h
T F 1 = S ]
co= 1.0 = oy L = =00 \
0= 1.0e-01, = 5.0e-03 X VE \
200 = 25 1 = 30e02,¢ = 50e-03 §
-7 It \
0- 0l —mpmo===? . . . . i
5.25 : : ) . e 4 eSS
" 5.20 5.25 5.30 5.35 5.40 5.45
mBSres

Ds 1 bckgd BO irreducible signal
bckgd
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Measurement of yq : B* to DO K+ Ve = arg (_ ibgcs )
ub " US

Direct CP violation in decays of B+ to DY ( DO ) K™ : well-known method to measure
the y angle of the “usual” UT. Can be applied too to measure y.

u

7 K+ — ) e < 7]
V s° Bt DOK* " .0 BY*->DOK?

b s c B~ W+

C .

N * s V..V
B B uw D' Vus Vv cb u N uw K+ cs vV ub

u

ol

With a final state f that is accessible to both D° and 50 . interference, and CPV.

DY(D%) > K"K~ (nep=1)orKsm (ngp=-1): Oy = T+ Vs

I'(B+—>f(D) K") #I (B —fpyK'). Asymmetry A4 cp given by :

. . N 0 2+ R already known to 5%,
+ 2R sin A sin Vs o2 _ Br(BY = D'K™)  can be much improved
Br(BT — DYK*)  with DO semi-leptonic

1+ R? 7 2R cos A cos s decays

A = strong phase difference. PDG: -130° + 5°

Combination of 4 *-p (K" K™ )and 4 ~¢p ( K 10 ) gives
Aand yg (8-fold ambiguity)

11
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Expected sensitivities

BR (B+ — DO K+ )~ 3.6 10 ;‘ DOK+ Do s KTK-  ~ 5.8 10°
BR (DO — Ks 110) ~ 1.2 10 2 0+ D0 Kr®  ~1.210°
DK+ DY - K. ~1.210%

( indicative # of B+ decays )
Asymmetries are sizable. E.g. with A =-130° and y¢ = 108° :
At ep (KYK)=-15% and A op( K0 ) =14 %
with expected statistical uncertainties of ~ 0.1% (absolute, accounting for approx.
acceptance and efficiencies), which corresponds to o (yg ) of 2.8°

( uncertainty on y depends on the value of A — ranges between < 1° to a few deg. )

Possible improvements with additional modes, e.g. D — K, n, B* —» D K*

Measurement of y¢ to 1° — 2° within reach.
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Signal reconstruction

° B+ — ( K+ K™ )D K+ : should be qUite c000 | |JL=150e401ab"! :f — ::Bsres
Ecm =91.2 GeV \
easy thanks to excellent mass cos(@,) <0.95 & b et
. £=0.868 Ly
resolution g 40001 h A
& | ]
o ~ 6 MeV on the B+ mass 8 3000 - =
. B
* B+ — ( KS 1TO )D K+ : much more §2000~ i l“
challenging - A
1000 A # 4‘
: : 4 \
- Displaced pion tracks from Ks decay : N ; S

Up to O(1m) from the IP. Demands a large 520 532 524 526 528 530 532 554 536

enough tracker otk (GEV)

- Worse mass resolutions : 20—

- 10 :naive o worsens to 12 MeV even § %% D :
W|th exquisite EM reSO|Uti0n Of 3%/\/E L 08;—....". ........... 44444444444444444444444444 ....................... _;

_ Finite resolution on Ks vertex will 0_7;_ ................ ..,0 ........................ “““““““““““““““““ ....................... _
degrade th|S further: IDEA I|ke|y mUCh 06;—:. ........................... SR - _;
better than Si tracker 05;_.0 .............. ............... . Rand IZI<d....).(. ................. _;

_ Hence more baCkground Comes in: 04;_.. .................. e e _'
Requires K/ 11 separation in a wide p 0.3 K»s»»»-w---ﬂrrwdecay vettex
range 1 — 30 GeV 0_2;_ ................... |nB+—> 4444444 (KTT)[I Kt

o . 0. W T '566 ______________ N

max (mm)



Reconstruction of Ks decays (WIP)

Oth version of Ks reconstruction algorithm developed in FCCAnalyses, based on
DELPHES samples. Known caveat: over-optimistic resolution on parameters of

displaced tracks, will be fixed in the next version (F. Bedeschi).

S

« |dentify the non-primary tracks . £ 10 11603 82864 -
y P y Probability —&°¢

- Fit a primary vertex with all tracks correct & os

- Remove the track with the highest chi2 if - : 02
this chi2 is > some cut ( 25 ) ass'grlrgeor;' O 84185 4085

- Run the fit again, iterate 0 VSIS |

F’rimary from MC

« Using the non-primary tracks: find Ks candidates from all 2-track combinations

- Fitthe 2 tracks to a common vertex Mass resolution ~ 3 MeV with
- Prqpagate the tracks to thls vertex. current uncertaintiesh N
- Build the vertex mass, using m = pion 5 e e
S [
mass for each leg 10000l s

Loose chi2 cut, mass window, opposite-charge
pairs: good efficiency and purity..

To be quantified with:
- upgraded version of DELPHES

4000

- the FullSim tracking of the CLD detector 20001 ]
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Summary

Precise direct measurement of the three angles of the “squashed” (b,s)
unitarity triangle possible at FCC-ee :

Bs : t0 0.035° or better (0.035% ) via Bs — J/i @
- 25x better than the current precision

ag - to 0.4° or better (0.5%) via Bs — Ds K

Vs 1019 (1% ) via B+ — DO K+

« Simple relation between the phases measured in these three processes :
-O(DsK )+ (JwdP )+ P (DOK)= 0
should hold in the Standard Model.

» These processes also provide good benchmarks for detector performance:
« Excellent tracking performance (mass resolutions)
« Excellent EM resolution (modes with neutrals)
« K/Pi separation in a wide p range
« Ks reconstruction ( crucial for many flavour analyses )
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Backup
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Kinematic distributions

Bs to Jpsi Phi

entries 399950 €1 e~ =Z-Bs-f/yp-utu-k* k- 20200533
1750 - - 2000
P2
1500 - - ps
LI "
= 3000
2 12501 Kaons from ¢ 5
g [}
% 1000 5
N [
5 § 2000
% E
Q
2 750 f J 5
£ muons from J/y 2
3
© 5004 / 1000
*
250
- -
0 . . . = '
0 5 10 15 20 25 30 35 40

Pp1,2,3,4 (GeV)

T

a.u.

1400

1200

|III|III|II

1000

800

600

400

200

OIII|III|III|III|III

B+ to DO (Ks pi0)

Blue = K+

Black = pions from Ks

III|III|III|IIIDII|III|IIXIII—
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Bs to Ds K

entries 461250 €T e~ —=Z-Bs—~Dnm-»K*K-ntn-

2020-05-19
10:04

= py

P2
. p3
N ps

Kaons from ¢

0 5 10 15 20 25 30 35 40
Pp1,2,3.4 (GeV)

1 Pid up to ~35 GeV!
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Reconstruction of displaced tracks in CLD

Full simulation results. Cf CLD paper, https://arxiv.org/abs/1911.12230

FCC—-ee CLD
1 -2 i ] 1 1 I 1 1 1 I 1 1 1 I |

—

O
o

Tracking efficiency
o
(00)

0.4 | Displaced single’ -
- 0<y<600mm,80< 6, 6 <100° -

L 4 p=1GeV g -
0.2 4 p10Gey e % ......................................... ]
[ ¢ p=100GeV E -

0 — | ermrsrsereew |

0 200 400 600
vertex R [mm]
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Selection of secondary tracks

In view of a Ks reconstruction: need to select secondary tracks

- Fit a primary vertex with all tracks
- Remove the track with the highest chi2 if this chi2 is > some cut ( 25 )
- Run the fit again, iterate

h_mcall
200 1 1 1=
-'UEJ C Entries 1999 Black = all tracks
g 180:_ Mean 17.95
160 Stabev 474 Red = tracks that are MC-matched
140[ ] with primary particles
120F
100f Blue = the reco’ed primary tracks
805 with this procedure.
60F
40 Conclusion: decent selection of non-
20¢ primary tracks
% 30

#tracks



