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The (b,s) unitarity triangle

Six triangular relations from unitarity of Voip -

Among them : the “(b,s)” triangle.

At FCC-ee, all angles of the (b,s) triangle
can be measured directly

Bs:viaBg->JY ¢
ag: Bgto Dy K
ys: B to DO K+

See R. Aleksan, L. Oliver, E.P:
2107.02002 and 2107.05311
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These processes provide good benchmarks for detector performance:
« Excellent tracking performance (mass resolutions)
« Excellent EM resolution (modes with neutrals)

» KI/Pi separation in a wide p range

» Ks reconstruction ( crucial for many flavour analyses )
* Crucial for many flavour analyses
 For example for measuring y
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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.
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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): Oepp = T+ Vs

M(B"—fp)K") #I (B —f p)K).| 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)
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Expected sensitivities

Indicative # of B+ decays

BR (B+ — DO K+ )~ 3.6 104 150 ab™! at FCC-ee at the Z peak.
— ~ .

o =0 5
BR (B+ - DOK+ )~ 3.610 " DOK Do Ktk- ~ 5.810
BR (D° - K*K-)~4.110 3 L \
BR ED°—>KSn°))~1.21o-2 D_°K+ Di% K+K 5.7 10
DK™ DO K.  ~1.210°
DK D’ - K  ~1.2 10"

Asymmetries are sizable. E.g. with A =-130° and y¢ = 108° :

At ep (KYK )=-15% and A op( Km0 ) =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 y4 depends on the value of A — ranges between < 19 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

o B+ — ( K+ K~ ) K+ : should be qUite JL=150e+01 ab~* If - ::Bs
D 5000 1 Fg =012 Gev A *
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Simulation setup

Signal events BY — (K 1V ) K* : (EvtGen + Pythia) passed through Delphes
 latest version of Delphes: uncertainties of track parameters are determined
also for displaced tracks (TrackCovariance module, Franco Bedeschi)
» Detector = baseline IDEA unless specified otherwise
 Edm4hep events, FCCAnalysis framework

Validation: take the reco’ed tracks that are MC-matched with the two pions from the
Ks decay. For central tracks (| n | < 0.9), look at the resolution of track parameters in
bins of Rxy, the MC radial position of the Ks decay vertex. Examples:

Ks — m+m- 2/ ndf 147.2/45 Ks — m+n- 21 ndf 274795

T T T T T T T T - T T T T T T T T T
= - P(nll-) resolutlion | PO 395.1+14.0 - C ! po 293.2 + 9.4
© - P -0.007169 + 0.010334 ] p1  —0.00415 + 0.01445

p2 0.334 +0.012
p3 49.85 + 3.01

10°F
p5 1.984 + 0.061 E

E B
Ryy>1m |
] 0=

p2 0.522 +0.016
p3 23.08 +1.45
p5 3.43 £ 0.10

~Inl <0.9, ny > 1000 Il <0.9, ny > 1000

10%F

10:

_4 _2 O 2 4 _1'OI Il Il I_5 Il Il Il Il 0 Il Il Il Il 5 Il Il 1'0
mm) E.Perez



Resolutions for displaced tracks

Ks —» n+r-
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02__ ................................. R SRR ]
< p>=7GeV
< R > =10 cm;
O 1 ..................................................................................................... —
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—
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Ks —» n+n-

R<30cm

R>50cm R>1m

 Momentum resolution worsens by O(3) between ‘R > 50 cm” and “R > 1 m”, and
by O(7) between “prompt” (R<30cm )and “R>1m"

* Note large MS component in “prompt” bin

« Resolution on d0 or z0 : worsens dramatically as soon as the track makes no hit
in the Si layers (single hit resolution 3 pum -> 100 um )

« Qualitatively consistent with expectations (e.g. Drasal/Riegler, NIM A910, 127)
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Kg — T vertex reconstruction (perfect seeding)

Vertex fit from the two reco’ed tracks that are MC-matched with the pion tracks.
Vertex fitter: code from Franco Bedeschi (in Delphes and in FCCAnalyses).

As soon as no VXD hit on the track:

distribution of the x2 of the vertex fit has
large tails. Suspect that the starting value of

the fit is badly off.
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m

n_fld_pull_bin2
Entries 3520
Mean -0.01961
Std Dev 1.011
Underflow 116
Overflow 0

22/ ndf

Constant

58.07 / 68

135.1 £ 3.0
—-0.01544 +0.01721
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Mean
Sigma

O_—I

Pull Ks decay vertex
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 After cutting out the tail (e.g. x2 < 20):
pulls of the fitted vertex are nicely
Gaussian with o = 1 in all displacement

bins.
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Ks -> pi pi vertex reconstruction (perfect seeding)

cm hfld_bin0
Entries 18935
_g.) L X Z < 3 O C m Mean -0.000441 U)
C y Std Dev 0.08766 "E
GJ - Underflow 3875
Overflow 3947 q)
= B %2/ ndf 122.7/94 >
L Norm 1 233.6 +7.6 LLl
| Mean 1 0.0009657 + 0.0006071
Ve rteX Sigma 1 0.01943 + 0.00079
Norm 2 110.2 +2.9
. Mean 2 -0.001831 + 0.002244
reSO|UtI0n When B Sigma 2 0.1427 +0.0041
X2 < 20.

10°

Red curve = fit
by a sum of
two Gaussians

I T I N S R T R R S R
0.2 —0.1 0 0.1 0.2
Ks vix position (rec-true) (mm)

Ly bin
L <30 cm 12 cm 48 mum
50<L<80cm 63 cm 0.85 mm
80<L<120 cm 1m 1.25 mm
120 <L <160 cm 1.4 m 1.92 mm
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8 0 < L < 1 2 O C m 2in3

XyZ 2447

- Mean -0.07893

- Std Dev 3.239

Underflow 100

Overflow 11

x2 / ndf 191.3/94

N 1 268.8 £ 9.5

1 02 = Mean 1 0.02751 + 0.02883

- Sigma 1 0.9446 + 0.0325

o Norm 2 21.33 £ 1.60

B Mean 2 —-0.3039 + 0.2081

- Sigma 2 5.576 + 0.181
10 E
1F _” E
LI b oy a

-20 -10 0 10 20

Ks vix position (rec-true) (mm

p ——

Average sigma = weighted
average of the sigma’s of
the two Gaussians,
weights = normalisations.
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Vertex mass of Ks -> pi pi (perfect seeding)

L yyz <30 cm 80 <Ly, <120 cm

S hmass_bin0 -] p— K
CU. Entries 18935 (U. Entries 2447
3000 Mean 0.4977 500 Mean 0.4976
Ve rte X mass v Std Dev 0.0007514 Std Dev 0.001616
2 500 Underflow 255 Underflow 18
fro m th e t ra C k Overflow 105 400 Overflow 8
22/ ndf 486.3/44 22/ ndf 124.6/44
momen ta at 2000 Norm 1 2430 + 33.3 Norm 1 438.9 £ 15.1
] Mean 1 0.4976 =+ 0.0000 Mean 1 0.4976 + 0.0000
th IS ve rteX, Sigma1  0.0002612 + 0.0000042 300 Sigma1  0.0006107 + 0.0000227

1500

assigned wanz  oserr otom vz ossms - oom
— . Sigma 2 0.001211 + 0.000016 200 Sigma 2 0.002816 + 0.000107
Mass = pion 1000 . ]
mass 1 -
500 h 100 :
O 1 1 1 | 1 1 1 I —— : —ta | 1 1 1 1 | 1 I el L :

0.496 0.498 0.5 0.50z2 a0 0495 0.5 0.505  0.51
Vertex mass (GeV) Vertex mass (GeV)

Lyyz b Average
o(M)

L <30cm 12 cm 3.7 GeV 0.38 MeV

50 <L <80cm 63 cm 6.1 GeV 0.5 MeV
80<L<120cm Tm 7.1 GeV 0.8 MeV
120 <L <160 cm 1.4 m 7.8 GeV 1.3 MeV
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Reconstruction of K¢ decays

1st version of Kq reconstruction algorithm developed in FCCAnalyses, based on
DELPHES samples. Two main steps :

 ldentify the non-primary tracks
« Some details on next slide

« Using the non-primary tracks: build all 2-track combinations (no PID used so
far) and select combinations consistent with a Ks decay :

- Fit the 2 tracks to a common vertex

- Propagate the tracks to this vertex

- Build the vertex mass, using m = pion mass for each leg

- Restrict to opposite-sign pairs and apply some cuts on the vertex x2
and on the vertex mass, based on what is seen from perfect seeding :

- x2 <20
- Loose mass cut: 0.48 GeV <M < 0.52 GeV
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Selection of non-primary tracks

- Fit a primary vertex with all tracks
- Remove the track with the highest ¥ if this
x2 is > some cut ( 25)

- Run the fit again, iterate

01200 %=99
-.CIE) i — all tracks

Q L
11000 B — Primaries from MC

onn — Primaries from algo |

Z-> ;|q evts

600 -
400}

200}

#tracks

Decent selection of non-primary tracks.
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1200 =T

= — all tracks
) o ]
Lﬁl 000E Primaries from MC ]
— Primaries from algo |
800} 1
600}
400}
200}
] A R B
% 10 20 30
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+ +
B" — (Ks1m” )p K" events ___
O 1.4F -
(4y] C
= 1.2:— g
2 1 10782 76178 -
> C ]
s 08¢ - e
€ o6 Probability of correct
— r . . 0
& 0af gs&gnment. 92%
0o (id.on Z->qq) 3
oF 80192 2375 -
—0.2F E
_0'4:_....|....|....|...._—
0.5 0 0.5 1 1.5

IsPrimary from MC



Performance of the Ks reconstruction: efficiency

Use the association of the reco’ed legs to the >
MC particle to determine whether the Kq

candidate is matched or not to a MC Kg — TrTT.
Non-matched candidates = fakes.

B" — (Ks 1 )p K+ events

Ks —» n+n-
T T T

§ 4 s ~ IDEA ]
q_) 09 B . IO ,;':, ........................... ....................... _:
&) | | | ]
E [ ] S— ............... :@: ................ $+++ ............. _g
g O7F\ Tl T e
Dé:)) 06: """"""""""" """""" hkt%:éﬁ_é_ """"" ,_F Mass (GeV)
0.5 Droplneffl ------------------------ e 5 Drop in efficiency in L = 35 cm (last VXD
04b ——— e ;%jg__f barrel) - 70 cm (last VXD disk): when one
C e |oose mass cut 1 looses hits in VXD. Cut on x2 less
08 U efficient.
0.2 - smass £t5MeV S— -
oL * Kemass:t25Mev __ + | Selection efficiency :
F | - 78% - 82% of the K — 11T decays (from
O =500 1500 s000 | B+) that are inside the acceptance,
Ks vertex (mm) |depending on the mass cut.
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Performance of the Ks reconstruction: fakes (in inclusive Z -> had sample)

1 — purity : fraction of the identified Ks that are not matched to a MC.

Ks —» n+n-
T T T

« loose mass cut ' EA
o K mass 5 MeV ;;;;;;;;
A K mass + 2 5 MeV

1 - Purity

e e R o = -
0 20 40 60 80 1 00 0 500 1 OOO 1 500 2000

Ks cand. vertex L, , (mm) Ks cand. vertex L, (mm)

* As expected, many fakes in the vicinity of the IP

« Above 3-4 cm: Fake fraction per-cent level up to about 1m, dominated by A — 1T p
« Lifetime (A ) ~ 3x larger than that of the Ks
« Should be easily reduced by PID, or by rejecting candidates with mass close

to M(A) when one leg is assigned the proton mass.
2/7/22 14 E.Perez




Origin of fakes

Fakes at distance < 3 cm from the IP

* In 70% of cases, the two legs do not come from the same paren

 Random combinations of pions or K tracks from the decays of rhos,
omegas, Ds, etc

Ks —» m+mn-
" IDEA

a.u.

Fakes at distance > 3 cm from the IP : 10" Eorigin of fakes, L > 3om
* In 85% of cases, the two legs do come :
from the same parent (98% at L > 50 cm)

« Usually ( p, pi ) pairs from Lambda
decays [ ]
 And afew Ks -> Pi e/mu nu 10k -
* Note: | chose to not count as “fakes” the : :
decays Ks -> Pi+ Pi- gamma that pass I
the selection cuts. 1 %
0 7000 2000 3000
PDG of parent

N —>T1p




Alternative tracker choice: CLD

E.
201 Need at least 3 hits.|} No
acceptance for displdcements
larger than 1 m (in central).
1.5
1.0—
i g—m—,—l‘  — 0
05 10 15 210 z[m]

Similar cut (5 hits) in the track
reconstruction in CLD Full Simulation.

Determine performance for tracks
with Nhits = 4 and Nhits = 5.

27122

Only 6 layersin Rrange 12.7cm—-2.1m

Default Delphes CARD: demands at

least 6 h

its for a track to be accepted.

Results in zero efficiency for central
tracks, for displacements > 13 cm.

—
IV

Tracking efficiency
o o
(0] (00)

0.4 T s
- 0<y<600mm,80< 6, ¢ <100°
4 p=1GeV ; -
0.2 4 potogey % ________________________________________ o]
[ ¢ p=100 GeV. E ]
0 I R l__-l-d—l:
0 200 400 600

—
T T

FCC-ee CLD

L ﬁﬁ ___________ Central ]
i f tracks

vertex R [mm]

CLD paper, Full Simulation
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Alternative tracker choice: CLD, demand 5 hits on the tracks

Vertex resolutions (with x < 20) and effi. of x cut:

L <30 cm 48 mum 60 mum 100% 100% 0_1;
50<L<80cm 085mm 1.3mm 75% 95%  oos
80<L<120cm 1.25mm 1.5mm 74% 92% ZZ?

0:02
Mass resolutions: 0t
| Lxyzbin | IDEA | CLD

L <30cm 0.38 MeV 1.8 MeV 3

50<L<80cm 05MeV  2.5MeV 014
80<L<120cm 0.8MeV  3.3MeV 012}

Vertex resolutions are comparable. IDEA: tails in x2 of
the vertex fit when no VXD hit. CLD mass resolution
worse by a factor of 3-4.

27122 17

CU016:

0.1
0.08
0.06f
0.04f
0.02f
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|

P T
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Vertex mass (GeV)
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_—'<i;80<LXyZ<1200m

— IDEA

— CLD5

T

PRI R
0.495
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Performance, CLD (5 hits tracks)

Ks — n+n- Ks — n+n-
T T T T | T T T T | T T T T | T T T T 1 I A | Y T | | | IR | L | -

- : : 5 CLD . NN e |ooSe mass: tht """"""" :::::::::'.'LD"5hi't§':_

—

1 - Purity

Reco Efficiency
© o o o
O N 00 O

o
o

o o
w

o
N

o
-

500 1000 1500 2000 0 500 1000 1500 2000
L,,, of Ks vertex (mm) Ks cand. vertex L,,, (mm)

o

» Clear steps in efficiency when one looses a layer
« Efficiency for a fake fraction at the percent level: 47% (blue) or 58% (red).

2/7/122 18 E.Perez



Performance, CLD (4 hits tracks)

Ks +7-

> 1_ T I_)I TCI TE! LI B — | L B B B I L 1 Ks — n+n-
o g | oo ] 2>

.. T T S S R . o
D 0.9F grettes . Nhits >= 4 ] S

- H . H -
O 0.8 . e, I o
“— PR '_D_:-D- : : ] 1
W 2E e loosemasscut | T+
O . :‘_‘»—A—'—A—‘ : - 10—1
&) - e o Ksmass +5MeV S -
Q 06__ ....................... )—;—a .......................... —
o - L ke 4+ Ksmass +2.5 MeV 3

(o) E— .......... + ........................... ....................... =
=

Q.4F ................ S SN S ....................... =

0.3 S = ST A S =

- z Eas s :
005 _— +++$3i§ _____ — E

: : A
s O AU »—;—l ..................... —
0.1 s SO 10°° |
O_I R T I I SRR T l—tl_._L._ . I
500 1000 1500 2000 0 500 1000 1500 2000

Ly, Of Ks vertex (mm) Ks cand. vertex L, (mm)

Xyz

102k

« Efficiency for a fake fraction at the percent level: 56% (blue) or 70% (red).
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Conclusions

« Latest version of Delphes allows far displaced tracks and vertices to be studied.

« Baseline IDEA detector provides an efﬂmency of O(80%) to reconstruct the K
to T decays in the BY — (Kg 0 )D K" decay chain.
« Confirms the assumption that was made in the preprint

« Baseline IDEA detector can reconstruct Ks with an efficiency > 50% for

displacements up to 1.5 m from the IP
« L>1m:veryrelevant also for e.g. LLPs. Indicative performance from Ks
study (but depends on #tracks, their momentum, opening angle, etc).
Code developed for the Ks can probably be re-used to study other cases.

» Full Silicon tracker : performance is limited by the small number of layers. For
Ks from B+ decays, efficiency of O(50-60%). Efficiency is limited to L < 50 — 70
cm, depending on the track criteria.
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Inefficiency at small L

Is due to the correlation of L with the Ks energy. In the small L bins, the Ks have a
lower energy, hence the pion tracks suffer more from multiple scattering.

Ks —» m+mn-

oot | | " IDEA

SRR = N A S T
E(Ks) >4 GeV

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

||||i||||i||||i||||
0 500 1000 1500 2000

Ks vertex (mm)
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Reco Efficiency
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Increase of efficiencyatL=1-1.2m?
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Reco Efficiency
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—
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Ks —> m+n- Ks —> n+n-
' ' ' ' | ' ' ' ' | ' ' ' ' | ' T T T T | T T T T | T T T T | T T T T

: " IDEA 1 ! ! !
ﬁ : - . : : . IDEA
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Track resolutions in 700 — 1000 vs 1000 — 1300, central tracks

Ks — n+n- 300
- F L L L L T . T T T T T T T T T I
(% 500 —70em<R<1m [ ] 3 E—70cm<R<1m E —70cm<R<1m 7
. —1m<R<13m ] 250:_—1m<R<1.3m _: :—1m<R<1.3m
400 ] - 1+ _
: | 200F 14t
300~ ] C 1 L _
: | 150F 11
200[ E 1k .
100f sob 1L ]
ok - | E:Luu T T M .
—2 / o 0 -2 0 2 -2 0 2
(P e ™ Pr gonPr gen (%) d0, - d0,,,, (Mm) 20,4, - 20,,,,, (Mm)

2/7/122 25 E.Perez



Ks — n+n-
T T T T | T T T T T T T T |

—_—
T

>‘ T
H O C : : : ]
IDEA, w/o any chi2 cut C 0OL BT e E
L T SO IO S
O 0.8 el ierd H}EH ..... S S =
= UUf O g ]
Ks —» n4n-,50cm<L _<80cm L 0.7 Fr Lﬁiwiﬂa@ 44444 @ ...................... =
-.(L') i- | T T T | T T T | AL T T | T T T T T : 8 E F}A:_{_‘ ’_é)_"‘%)—‘ E
qc) L &J Q.6 e + ,,,,,,,,,,,,,,,,,,,, _%
3 _ . ]
Lﬁ 10 E E 05;_ ....................... ..... no~chi2~c;ut ...................... + ..... FC})*F%F_;
F . 04f I e SN
i ] 0.3 - °* loosemasscut ................ . ;(%
102 No 12 cut ! E ook © Kemassismev
- 1 0 15_“ * K.mass £2.5 MQY ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 4_7
i ] OE 1 1 1 | 1 L1 1 | 1 [ R | 1 T B B
10 = 500 1000 1500 2000
: ] Ly, of Ks vertex (mm)
1 = =
i | | | L 3

800 -600 -400 -200 O
Ks vix position (rec-true) (mm)

Fake rate

Relaxing the chi2 cut does not improve the
efficiency when using a mass window that limits
the fakes - fits with a very bad chi2 give a crazy
vertex, hence the vertex mass can not be close
to the Ks mass.

Leads to a lower purity. 7500 1000 1500 2000
Ks cand. vertex (mm)
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Performance, CLD (3 hits tracks)

Ks —> m+n-
> 1_ T T T T | T T T T . T T T T | T T T ] w 1
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Overall efficiency for a fake rate at the percent level: 62% (blue), 78% (red)

But 3-hits tracks is probably not realistic, would have no redundancy, many fake
tracks...
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