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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± → 𝐷0(𝐷0)𝐾± at FCC-ee https://arxiv.org/abs/2107.05311

CP violation and determination of the “flat” (b,s) unitarity triangle at FCC-ee

𝑉𝑢𝑏
∗ 𝑉𝑢𝑠 + 𝑉𝑐𝑏

∗ 𝑉𝑐𝑠 + 𝑉𝑡𝑏
∗ 𝑉𝑡𝑠 = 0

𝜆4 , 𝜆2 , 𝜆2

?

𝛼𝑠 = 𝑎𝑟𝑔 −
𝑉𝑢𝑏
∗ 𝑉𝑢𝑠
𝑉𝑡𝑏
∗ 𝑉𝑡𝑠

, 𝛽𝑠= 𝑎𝑟𝑔 −
𝑉𝑡𝑏
∗ 𝑉𝑡𝑠

𝑉𝑐𝑏
∗ 𝑉𝑐𝑠

, 𝛾𝑠 = 𝑎𝑟𝑔 −
𝑉𝑐𝑏
∗ 𝑉𝑐𝑠

𝑉𝑢𝑏
∗ 𝑉𝑢𝑠

≈ (67°, 1°, 111°)

𝐵𝑠 → 𝐽/𝜓𝜙𝐵𝑠 → 𝐷𝑠𝐾 𝐷± → 𝐷0(ഥ𝐷0)𝐾±
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https://arxiv.org/abs/2107.05311


Detector response
 Modelisation of the detector response :
• Detailed description of tracks, accounting for multiple scattering

 For vertexing Full MC events + response of the IDEA detector with DELPHES
• Genuine vertex fitting



𝜙𝐶𝑃 = 2𝛽𝑠 +𝜋 ≈ 2° (𝑆𝑀)

Kaons from f

muons from J/y

𝜎 𝑚𝐽/𝜓𝜙

≈ 5.2𝑀𝑒𝑉

𝑉𝑐𝑏 𝑉𝑐𝑠
∗

𝑉𝑐𝑏
∗ 𝑉𝑐𝑠

𝑉𝑡𝑏 𝑉𝑡𝑠
∗

𝑉𝑡𝑏
∗ 𝑉𝑡𝑠

𝜔 = 𝑤𝑟𝑜𝑛𝑔 𝑡𝑎𝑔𝑔𝑖𝑛𝑔

𝛽𝑠 = 𝑎𝑟𝑔 −
𝑉𝑡𝑏
∗ 𝑉𝑡𝑠

𝑉𝑐𝑏
∗ 𝑉𝑐𝑠

: CP violation with 𝑩𝒔 → 𝑱/𝝍𝝓 → 𝝁+𝝁−𝑲+𝑲−

~𝟔 ∙ 𝟏𝟎𝟔 𝐵𝑠( ത𝐵𝑆 ) evts @FCCee

න𝐿𝑑𝑡 = 150 𝑎𝑏−1



𝛿 𝑠𝑖𝑛𝜙𝐶𝐾𝑀 = 𝛿 𝑠𝑖𝑛2𝛽𝑠 ≈ 1.2 × 10−3 ≅ 𝛿 𝛽𝑠 ≈ 3.5° × 10−2(𝑠𝑡𝑎𝑡. )

𝛽𝑠 = 𝑎𝑟𝑔 −
𝑉𝑡𝑏
∗ 𝑉𝑡𝑠

𝑉𝑐𝑏
∗ 𝑉𝑐𝑠

: CP violation with 𝑩𝒔 → 𝑱/𝝍𝝓 → 𝝁+𝝁−𝑲+𝑲−

ΤΓ𝐿 Γ = 1

PDG

Γ𝑳/Γ 𝟎. 𝟓𝟐𝟕 ± 𝟎. 𝟎𝟎𝟖 CP = +

Γ∥/Γ 0.228 ± 0.007 CP = +

Γ⊥/Γ 0.245 ± 0.004 CP = -

However for 𝐵𝑠 → 𝐽/𝜓𝜙

Angular analysis required (tbd)
Otherwise additional sinF term
amplitude dilution by factor ~0.5  
Slightly reduced sensitivity (can be
compensated using 𝐽/𝜓 → 𝑒+ 𝑒−

and other modes e.g.  𝐽/𝜓𝜂 )

CKM: 𝛽𝑠 ≈ 1°

PDG: 𝛽𝑠 = 0.60 ± 0.89 °

In HQS , Γ∥ = Γ⊥a𝒜
𝑚𝑖𝑥 = 𝒜𝐿

𝑚𝑖𝑥

න𝐿𝑑𝑡 = 150 𝑎𝑏−1

Delphes, vtx fit

𝜎 𝑑𝑓𝑙𝑖𝑔ℎ𝑡 ≈ 20µ𝑚

Mean B flight distance ≈ 3000 mm

Excellent vertex 
resolution required



Effect of penguins in 𝑩𝒔 → 𝑱/𝝍𝝓

±2𝜎 Uncertainty on 𝜙𝐶𝐾𝑀 is
dominate by FCC statistical error

as long as ℛ =
𝒫𝑡

𝒯
< ~3%

Important input from
theory is very important



Mistag and Bs Mixing Measurement with 𝑩𝒔 → 𝑫𝒔𝝅

𝜹(𝜟𝒎𝑩𝒔)𝒔𝒕𝒂𝒕 ≈ 𝟓 × 𝟏𝟎−𝟒 𝟏𝟎𝟏𝟐ℏ𝒔−𝟏 [𝑳𝑯𝑪𝒃: 𝟔. 𝟎 × 𝟏𝟎−𝟑 𝟏𝟎𝟏𝟐ℏ𝒔−𝟏 ]

𝜹(𝝎)𝒔𝒕𝒂𝒕 = 𝟏. 𝟒 × 𝟏𝟎−𝟒

Expect ~𝟏𝟒 ∙ 𝟏𝟎𝟔 evts with very small Background (mainly combinatorics)

Wrong tagging measured very precisely

Golden channel

• No direct decay  Bs → Ds+ π-, i.e. Flavour specific decay

• no CP violation in this mode.

Γ ത𝐵𝑠 → 𝐷𝑠
+𝜋− ∝ 𝑒−Γ𝑡 1 − 𝜔 𝑐𝑜𝑠2 ΤΔ𝑚𝑡 2 + 𝜔 𝑠𝑖𝑛2 ΤΔ𝑚𝑡 2

Γ 𝐵𝑠 → 𝐷𝑠
+𝜋− ∝ 𝑒−Γ𝑡 𝜔 𝑐𝑜𝑠2 ΤΔ𝑚𝑡 2 + 1 − 𝜔 𝑠𝑖𝑛2 ΤΔ𝑚𝑡 2

න𝐿𝑑𝑡 = 150 𝑎𝑏−1



𝜙𝐶𝐾𝑀 = −(𝛼𝑠 − 𝛽𝑠) (+𝜋)
𝑉𝑐𝑏 𝑉𝑢𝑠

∗
𝑉𝑢𝑏
∗ 𝑉𝑐𝑠

𝑉𝑡𝑏 𝑉𝑡𝑠
∗

𝑉𝑡𝑏
∗ 𝑉𝑡𝑠

• No penguin pollution

• 𝜌 = 𝜆𝑓 =
𝑞 𝑓 ത𝐵𝑠
𝑝 𝑓 𝐵𝑠

• There is a strong phase 𝛿

𝜙𝐶𝑃
± = 𝜙𝐶𝐾𝑀 ± 𝛿

• 4 time dependent distributions

Expect ~𝟏𝟎𝟔 evts with very small Background

𝜙𝐶𝐾𝑀
(with 2-fold
ambiguity)

R.A. , I. Dunietz, B. Kayser Z. Phys. C54, 653 (1992)

Note: ΔΓ𝑠 neglected , which helps remove ambiguity

𝛼𝑠 = 𝑎𝑟𝑔 −
𝑉𝑢𝑏
∗ 𝑉𝑢𝑠

𝑉𝑡𝑏
∗ 𝑉𝑡𝑠

: CP violation with 𝑩𝒔 → 𝑫𝒔
±𝑲∓ → 𝝓𝝅±𝑲∓ → 𝑲+𝑲−𝝅±𝑲∓



Pid up to ~35 GeV!

Kaons from f

𝝈(𝒎𝑩𝒔)𝑳𝑯𝑪𝒃 ≈ 𝟏𝟕𝑴𝒆𝑽

To be compared to

Charged final state only

𝛼𝑠 = 𝑎𝑟𝑔 −
𝑉𝑢𝑏
∗ 𝑉𝑢𝑠

𝑉𝑡𝑏
∗ 𝑉𝑡𝑠

: CP violation with 𝑩𝒔 → 𝑫𝒔
±𝑲∓ → 𝝓𝝅±𝑲∓ → 𝑲+𝑲−𝝅±𝑲∓

𝜎 𝑑𝑓𝑙𝑖𝑔ℎ𝑡 ≈ 20µ𝑚



𝛼𝑠 = 𝑎𝑟𝑔 −
𝑉𝑢𝑏
∗ 𝑉𝑢𝑠

𝑉𝑡𝑏
∗ 𝑉𝑡𝑠

: CP violation with 𝑩𝒔 → 𝑫𝒔
±𝑲∓ → 𝝓𝝅±𝑲∓ → 𝑲+𝑲−𝝅±𝑲∓

• Tracking resolution crucial to reduce
background

• Combinatoric background to be added
(but expected to be relatively small)

• A realistic PId (ToF + dE/dx) enough



𝛿 𝑠𝑖𝑛2𝜙𝐶𝐾𝑀 ≈ 𝛿 𝑠𝑖𝑛2𝛼𝑠 ≈ 5 × 10−3(𝑠𝑡𝑎𝑡. )

𝛿 𝜌 ≈ 3.2 × 10−3(𝑠𝑡𝑎𝑡. )

≅ 𝛿 𝛼𝑠 ≈ 0.4° (𝑠𝑡𝑎𝑡. )

𝛼𝑠 = 𝑎𝑟𝑔 −
𝑉𝑢𝑏
∗ 𝑉𝑢𝑠

𝑉𝑡𝑏
∗ 𝑉𝑡𝑠

: Measurement of CP violation with 𝑩𝒔 → 𝑫𝒔𝑲

PDG: 𝛾 = (71.1−5.3
+4.6)°

න𝐿𝑑𝑡 = 150 𝑎𝑏−1

Potential statistical gain of factor 4-5 with 𝐷𝑠
± → 𝐾∗0𝐾±, 𝜙𝜌±, … but background needs to be studied (see backup)+

Additionnal potential gain (another factor ~2 ) with 𝐵𝑠 → 𝐷𝑠
∗±𝐾∓, 𝐷𝑠

±𝐾∗∓, 𝐷𝑠
∗±𝐾∗∓ , most modes including g(s)



Inclusion of neutrals for 𝑩𝒔 → 𝑫𝒔𝑲 reconstruction 

𝐷𝑠
± → 𝜙𝜌±

𝐷𝑠
± → 𝜙𝜋±

≈ 1.9e.g. could potentially increase statistics (x 3) by adding 𝐷𝑠
± → 𝜙𝜌±

More generally many physics topics (such as flavor physics) would benefit by using neutrals
a Significant advantage compared to LHCb a constraint on calorimeter and PId

a Background 𝐷𝑠
± 𝜙𝜌± 𝜋∓ huge

a Excellent PId mandatory

With very good calorimeter resolution (Xtal type)
𝜎 𝐷𝑠

± 𝜙𝜋± 𝐾∓ ≈ 5.6𝑀𝑒𝑉 → 𝜎 𝐷𝑠
± 𝜙𝜌± 𝐾∓ ≈ 20𝑀𝑒𝑉

𝜎 𝐷𝑠
± 𝜙𝜌± 𝐾∓ ≈ 36.𝑀𝑒𝑉

Much worse with
LAr type Cal.

NO PId



Effect of dE/dx and ToF

Other backgrounds have to be added
dE/dx + simple ToF probably not 
enough unless
• beyond state-of-the-art is achieved

for dE/dx and ToF
• or addition of  a dedicated PId

system

Excellent calorimetry (Xtal like) is also mandatory

« Irreducible bkg » , only mass resolution can beat it

Xtal-like Cal.

Xtal-like Cal.
𝛿𝐸

𝐸
=
0.05

𝐸
⊕ 0.005

LAr-like Cal.
𝛿𝐸

𝐸
=
0.10

𝐸
⊕0.005



𝛾𝑠 = 𝑎𝑟𝑔 −
𝑉𝑐𝑏
∗ 𝑉𝑐𝑠

𝑉𝑢𝑏
∗ 𝑉𝑢𝑠

: Direct CP violation with 𝑩± → 𝑫𝟎(ഥ𝑫𝟎)𝑲±, (𝑫𝟎 → 𝑲+𝑲−, 𝑲𝒔𝝅
𝟎)

ഥ𝐷0 → 𝐾+𝐾− (𝜂𝐶𝑃 = +1)

𝑉𝑐𝑏
∗ 𝑉𝑢𝑠 𝑉𝑐𝑠 𝑉𝑢𝑠

∗

𝐷0 → 𝐾+𝐾−

𝑉𝑢𝑏
∗ 𝑉𝑐𝑠 𝑉𝑐𝑠

∗ 𝑉𝑢𝑠

ഥ𝐷0 → 𝐾0𝜋0 (𝜂𝐶𝑃 = −1)

𝐷0 → ഥ𝐾0𝜋0

well-known method to measure the 𝛾 angle of the “usual” UT

With a final state f that is accessible to both D0 and D0 : interference, and CPV.

Γ ( 𝐵+ → 𝑓(𝐷)𝐾
+) ≠ Γ ( 𝐵− → 𝑓(𝐷)𝐾

−) ⇒ Asymmetry 𝒜𝐶𝑃
±

𝒜𝐶𝑃
± =

±2ℛ sin Δ cos 𝛾𝑠
1 + ℛ2 ∓ ℛ cos Δ cos 𝛾𝑠

R already known to 5%,

can be much improved

with D0 semi-leptonic

decays

Δ = strong phase difference. PDG: −130° ± 5°

Combination of 𝒜𝐶𝑃
+ 𝐾+𝐾− and 𝒜𝐶𝑃

− 𝐾0𝜋0 gives Δ and 𝛾𝑠 (8-fold ambiguity)

𝜙𝐶𝐾𝑀 = 𝜋 + 𝛾𝑠

Gronau, London  ; Gronau , Wyler



𝐵+ → (𝐾+𝐾−)𝐷𝐾
+: Relatively easy thanks to 

excellent mass resolution and PID : 
𝜎 𝐷0 ~ 2𝑀𝑒𝑉 and 𝜎(𝐵+) ~ 6 𝑀𝑒𝑉

𝛾𝑠 = 𝑎𝑟𝑔 −
𝑉𝑐𝑏
∗ 𝑉𝑐𝑠

𝑉𝑢𝑏
∗ 𝑉𝑢𝑠

: Direct CP violation with 𝑩± → 𝑫𝟎(ഥ𝑫𝟎)𝑲±, (𝑫𝟎 → 𝑲+𝑲−, 𝑲𝒔𝝅
𝟎)

𝐵+ → (𝐾𝑠𝜋
0)𝐷𝐾

+: more challenging : 
 Displaced pion tracks from Ks decay :Up to 

O(1m) from the IP. Requires a large enough tracker
<efficiency>    >    90% up to 1.5m feasible

 Excellent photon energy resolution : Requires
Crystal like Calorimeter

𝜎 𝐵+ ~ 80 𝑀𝑒𝑉 with 
𝜎𝐸𝛾

𝐸𝛾
=

15%

𝐸

𝜎 𝐾𝑠 ~ 2.5 𝑀𝑒V

𝜎 𝐵+ ~ 20 𝑀𝑒𝑉 with
𝜎𝐸𝛾

𝐸𝛾
=

3%

𝐸



𝐵+ → ഥ𝐷0𝐾+ → 𝐾+𝐾−𝐾+ ~5.8 ∙ 105

𝐵+ → 𝐷0𝐾+ → 𝐾+𝐾−𝐾+ ~5.7 ∙ 103

𝐵+ → ഥ𝐷0𝐾+ → 𝐾𝑠𝜋
−𝐾+ ~1.2 ∙ 106

𝐵+ → 𝐷0𝐾+ → 𝐾𝑠𝜋
−𝐾+ ~1.2 ∙ 104

Asymmetries are sizable. E.g. with Δ = -130° and 𝛾s = 108° (SM) :

𝒜𝐶𝑃
+ 𝐾+𝐾− ≈ −15% and 𝒜𝐶𝑃

+ 𝐾𝑠𝜋
0 ≈ 14%

with expected statistical uncertainties of ~ 0.1% (absolute, accounting for approx. 

acceptance and efficiencies), which corresponds to 𝜎𝛾𝑠 ≈ 2.8°

( uncertainty on 𝛾𝑠 depends on the value of Δ – ranges between < 1° to a few ° )

Possible improvements with additional modes, e.g. 𝐷 → 𝐾𝑠 𝜂, 𝐵
+ → 𝐷0𝐾∗+

𝛾𝑠 = 𝑎𝑟𝑔 −
𝑉𝑐𝑏
∗ 𝑉𝑐𝑠

𝑉𝑢𝑏
∗ 𝑉𝑢𝑠

: Direct CP violation with 𝑩± → 𝑫𝟎(ഥ𝑫𝟎)𝑲±, (𝑫𝟎 → 𝑲+𝑲−, 𝑲𝒔𝝅
𝟎)

න𝐿𝑑𝑡 = 150 𝑎𝑏−1

Measurement of 𝛾𝑠 to 1° – 2° within reach.



C𝐨𝐦𝐩𝐚𝐫𝐢𝐬𝐨𝐧 𝐨𝐟 𝑲𝒔 reconstruction with 2 detector models

Large tracking volume with many measurement points is very important for Ks reconstruction



Conclusions

 FCC should enable a precise measurement of the three angles of the “flat” (b,s) UT :
with 𝑩𝒔 → Τ𝑱 𝝍𝝓 , 𝑫𝒔𝑲 𝐚𝐧𝐝 𝑩± → 𝑫𝟎(𝑫𝟎)𝑲±

𝝈(𝜷𝒔) ≈ ±𝟎. 𝟎𝟑𝟓° via 𝐵𝑠 → 𝐽/𝜓 ϕ → µ+µ−𝐾+𝐾−

with possible improvement with other modes
• 25x better than the current precision𝝈(𝜶𝒔) ≈ ±𝟎. 𝟒° via 𝐵𝑠 → 𝐷𝑠

±𝐾∓ → 𝐾+𝐾−𝜋±𝐾∓

with possible improvement with other modes

𝝈(𝜸𝒔) ≈ ±𝟏° via 𝐵± → 𝐷0 ഥ𝐷0 𝐾± → 𝐾+𝐾−𝐾±, 𝐾𝑠𝜋
0𝐾±

with possible improvement with other modes

−𝜙𝐷𝑠𝐾 + 𝜙𝐽/𝜓 Φ + 𝜙𝐷0𝐾 = 0 (mod 𝜋 )

 Simple relation between the 3 phases directly measured in these three processes :

should hold in the Standard Model.



Conclusions

 These modes are excellent showcases for setting requirements/specifications on detector

Excellent tracking and vertexing resolution , 
𝜎(𝑝𝑇)

𝑝𝑇
2 ≤ 2.× 10−5⊕

1.2 × 10−3

𝑝𝑇𝑠𝑖𝑛Θ

Excellent calorimetry resolution, ideally 𝜎(𝐸)

𝐸
≲
5 × 10−2

𝐸
⊕5 × 10−3 ⊕

5 MeV

𝐸

Excellent PId resolution > 3 𝜎 𝐾/𝜋 separation up to 25 GeV (covers also K tagging ), 
Ideally up to 35 GeV

Allows to use 
many other
decay mode !!!

Excellent Ks reconstruction ( crucial for many flavour analyses )



Additionnal Slides



In SM , only few other possible diagrams with same CKM element as tree diagram
a well defined CKM angle measured
a no direct CP violation expected



Expected number of events

(To be x 2 for Bs)





Inclusion of « standard and modest » PID (dE/dx and ToF) 

Resolution σ
𝑑𝐸

𝑑𝑥
= 5%

Resolution σ 𝑇𝑜𝐹 = 20ps (≅ 6mm)
ToF Detector location : 2m from IP

Somewhat
conservative

PID

> 3s up to ~10 GeV

> 2.2s up to ~35 GeV

Probability of p
misidentification as K 
with e(K)=50%



Resolution σ
𝑑𝐸

𝑑𝑥
= 4%

Resolution σ 𝑇𝑜𝐹 = 10ps (≅ 3mm)
Detector location : 2m from IP

Inclusion of « improved » dE/dx and ToF

Xtal-like Cal.
𝛿𝐸

𝐸
=
0.05

𝐸
⊕ 0.005



Energy spectrum of g from 𝐷𝑠
− → 𝜙𝜌− → (𝐾+𝐾−)𝜙(𝜋

−𝜋0)𝜌

X-tal like cal.

LAr like cal.



Inclusion of neutrals for 𝑩𝒔 → 𝑫𝒔𝑲 reconstruction 

Assuming HGCal like calorimeter with
𝛿𝐸

𝐸
=

0.15

𝐸
⊕0.005

Xtal type to HGCal Type ∶ 𝜎 𝐷𝑠
± 𝜙𝜌± 𝐾∓ ≈ 20𝑀𝑒𝑉 → 51𝑀𝑒𝑉



𝑩± → 𝑫𝟎(ഥ𝑫𝟎)𝑲±, (𝑫𝟎 → 𝑲𝒔𝝅
𝟎)

𝑃𝐾𝑠

𝜎𝐸𝛾
𝐸𝛾

=
3%

𝐸

𝜎𝐸𝛾
𝐸𝛾

=
15%

𝐸

𝑩± → 𝑫𝟎(ഥ𝑫𝟎)𝑲±, (𝑫𝟎 → 𝑲𝒔𝝅
𝟎)

𝑃𝛾



𝜎 𝐷𝑠𝐾 ≈ 17 𝑀𝑒𝑉


