
CP violation in B hadron decays

1

Mark Whitehead

on behalf of the ATLAS, CMS and LHCb collaborations



28/05/2020

Setting the scene

2

• The Universe is dominated by matter and not antimatter 
• Charge-parity (CP) violation allows decays 

of particles and antiparticles to be different 

• In the Standard Model, CP violation is encoded  
in the quark mixing (CKM) matrix 

• CP violation in the Standard Model only  
explains a tiny fraction of this difference 
• There must be new sources of CP violation 
• From new particles or interactions - “New physics”

NASA, ESA, H. Teplitz and M. Rafelski (IPAC/Caltech), A. Koekemoer (STScI),  
R. Windhorst (Arizona State University), and Z. Levay (STScI)

http://www.nasa.gov/
http://www.spacetelescope.org/
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• I can’t cover everything - so try to focus on results since LHCP 2019 

• Unitary triangle(s) 
•   

• Baryon CPV searches 
•   

• Charmless B meson decays 
•  

�, �, �s
<latexit sha1_base64="wHYZt8l3IYqv1dz9Qm5teoo342o=">AAACAXicbZDNSsNAFIUn9a/Wv6grcTNYBBelJCKou6IblxWMLTQhTKa37dCZJMxMhBKKG1/FjQsVt76FO9/GaZuFth4Y+Dj3Xu7cE6WcKe0431ZpaXllda28XtnY3NresXf37lWSSQoeTXgi2xFRwFkMnmaaQzuVQETEoRUNryf11gNIxZL4To9SCATpx6zHKNHGCu0Dv0+EIDW/hv0I9AzSAQtVaFedujMVXgS3gCoq1AztL7+b0ExArCknSnVcJ9VBTqRmlMO44mcKUkKHpA8dgzERoIJ8esIYHxuni3uJNC/WeOr+nsiJUGokItMpiB6o+drE/K/WyXTvIshZnGYaYjpb1Ms41gme5IG7TALVfGSAUMnMXzEdEEmoNqlVTAju/MmL4J3WL+vu7Vm1cVWkUUaH6AidIBedowa6QU3kIYoe0TN6RW/Wk/VivVsfs9aSVczsoz+yPn8AszmV5w==</latexit><latexit sha1_base64="wHYZt8l3IYqv1dz9Qm5teoo342o=">AAACAXicbZDNSsNAFIUn9a/Wv6grcTNYBBelJCKou6IblxWMLTQhTKa37dCZJMxMhBKKG1/FjQsVt76FO9/GaZuFth4Y+Dj3Xu7cE6WcKe0431ZpaXllda28XtnY3NresXf37lWSSQoeTXgi2xFRwFkMnmaaQzuVQETEoRUNryf11gNIxZL4To9SCATpx6zHKNHGCu0Dv0+EIDW/hv0I9AzSAQtVaFedujMVXgS3gCoq1AztL7+b0ExArCknSnVcJ9VBTqRmlMO44mcKUkKHpA8dgzERoIJ8esIYHxuni3uJNC/WeOr+nsiJUGokItMpiB6o+drE/K/WyXTvIshZnGYaYjpb1Ms41gme5IG7TALVfGSAUMnMXzEdEEmoNqlVTAju/MmL4J3WL+vu7Vm1cVWkUUaH6AidIBedowa6QU3kIYoe0TN6RW/Wk/VivVsfs9aSVczsoz+yPn8AszmV5w==</latexit><latexit sha1_base64="wHYZt8l3IYqv1dz9Qm5teoo342o=">AAACAXicbZDNSsNAFIUn9a/Wv6grcTNYBBelJCKou6IblxWMLTQhTKa37dCZJMxMhBKKG1/FjQsVt76FO9/GaZuFth4Y+Dj3Xu7cE6WcKe0431ZpaXllda28XtnY3NresXf37lWSSQoeTXgi2xFRwFkMnmaaQzuVQETEoRUNryf11gNIxZL4To9SCATpx6zHKNHGCu0Dv0+EIDW/hv0I9AzSAQtVaFedujMVXgS3gCoq1AztL7+b0ExArCknSnVcJ9VBTqRmlMO44mcKUkKHpA8dgzERoIJ8esIYHxuni3uJNC/WeOr+nsiJUGokItMpiB6o+drE/K/WyXTvIshZnGYaYjpb1Ms41gme5IG7TALVfGSAUMnMXzEdEEmoNqlVTAju/MmL4J3WL+vu7Vm1cVWkUUaH6AidIBedowa6QU3kIYoe0TN6RW/Wk/VivVsfs9aSVczsoz+yPn8AszmV5w==</latexit><latexit sha1_base64="wHYZt8l3IYqv1dz9Qm5teoo342o=">AAACAXicbZDNSsNAFIUn9a/Wv6grcTNYBBelJCKou6IblxWMLTQhTKa37dCZJMxMhBKKG1/FjQsVt76FO9/GaZuFth4Y+Dj3Xu7cE6WcKe0431ZpaXllda28XtnY3NresXf37lWSSQoeTXgi2xFRwFkMnmaaQzuVQETEoRUNryf11gNIxZL4To9SCATpx6zHKNHGCu0Dv0+EIDW/hv0I9AzSAQtVaFedujMVXgS3gCoq1AztL7+b0ExArCknSnVcJ9VBTqRmlMO44mcKUkKHpA8dgzERoIJ8esIYHxuni3uJNC/WeOr+nsiJUGokItMpiB6o+drE/K/WyXTvIshZnGYaYjpb1Ms41gme5IG7TALVfGSAUMnMXzEdEEmoNqlVTAju/MmL4J3WL+vu7Vm1cVWkUUaH6AidIBedowa6QU3kIYoe0TN6RW/Wk/VivVsfs9aSVczsoz+yPn8AszmV5w==</latexit>

⇤0
b ! p⇡�⇡+⇡�

<latexit sha1_base64="chrFIt8GBg2vvd0l1G4bLnyQfKw=">AAACDnicbVA7T8MwGHTKq5RXgJHFogUhIaqkC7BVsDAwFInQSk0aOY5TrDoP2Q5SFfUfsPBXWBgAsTKz8W9w0gzQ8km2Tnf3yb7zEkaFNIxvrbKwuLS8Ul2tra1vbG7p2zt3Ik45JhaOWcx7HhKE0YhYkkpGegknKPQY6Xqjy1zvPhAuaBzdynFCnBANIxpQjKSiXP2wYV8rt49cb2BAW8YwgXZCByfFfTzFjZqr142mUQycB2YJ6qCcjqt/2X6M05BEEjMkRN80EulkiEuKGZnU7FSQBOERGpK+ghEKiXCyIs8EHijGh0HM1YkkLNjfGxkKhRiHnnKGSN6LWS0n/9P6qQzOnIxGSSpJhKcPBSmDKnZeDvQpJ1iysQIIc6r+CvE94ghLVWFegjkbeR5YreZ507xp1dsXZRtVsAf2wREwwSlogyvQARbA4BE8g1fwpj1pL9q79jG1VrRyZxf8Ge3zBy2SmcQ=</latexit><latexit sha1_base64="chrFIt8GBg2vvd0l1G4bLnyQfKw=">AAACDnicbVA7T8MwGHTKq5RXgJHFogUhIaqkC7BVsDAwFInQSk0aOY5TrDoP2Q5SFfUfsPBXWBgAsTKz8W9w0gzQ8km2Tnf3yb7zEkaFNIxvrbKwuLS8Ul2tra1vbG7p2zt3Ik45JhaOWcx7HhKE0YhYkkpGegknKPQY6Xqjy1zvPhAuaBzdynFCnBANIxpQjKSiXP2wYV8rt49cb2BAW8YwgXZCByfFfTzFjZqr142mUQycB2YJ6qCcjqt/2X6M05BEEjMkRN80EulkiEuKGZnU7FSQBOERGpK+ghEKiXCyIs8EHijGh0HM1YkkLNjfGxkKhRiHnnKGSN6LWS0n/9P6qQzOnIxGSSpJhKcPBSmDKnZeDvQpJ1iysQIIc6r+CvE94ghLVWFegjkbeR5YreZ507xp1dsXZRtVsAf2wREwwSlogyvQARbA4BE8g1fwpj1pL9q79jG1VrRyZxf8Ge3zBy2SmcQ=</latexit><latexit sha1_base64="chrFIt8GBg2vvd0l1G4bLnyQfKw=">AAACDnicbVA7T8MwGHTKq5RXgJHFogUhIaqkC7BVsDAwFInQSk0aOY5TrDoP2Q5SFfUfsPBXWBgAsTKz8W9w0gzQ8km2Tnf3yb7zEkaFNIxvrbKwuLS8Ul2tra1vbG7p2zt3Ik45JhaOWcx7HhKE0YhYkkpGegknKPQY6Xqjy1zvPhAuaBzdynFCnBANIxpQjKSiXP2wYV8rt49cb2BAW8YwgXZCByfFfTzFjZqr142mUQycB2YJ6qCcjqt/2X6M05BEEjMkRN80EulkiEuKGZnU7FSQBOERGpK+ghEKiXCyIs8EHijGh0HM1YkkLNjfGxkKhRiHnnKGSN6LWS0n/9P6qQzOnIxGSSpJhKcPBSmDKnZeDvQpJ1iysQIIc6r+CvE94ghLVWFegjkbeR5YreZ507xp1dsXZRtVsAf2wREwwSlogyvQARbA4BE8g1fwpj1pL9q79jG1VrRyZxf8Ge3zBy2SmcQ=</latexit><latexit sha1_base64="chrFIt8GBg2vvd0l1G4bLnyQfKw=">AAACDnicbVA7T8MwGHTKq5RXgJHFogUhIaqkC7BVsDAwFInQSk0aOY5TrDoP2Q5SFfUfsPBXWBgAsTKz8W9w0gzQ8km2Tnf3yb7zEkaFNIxvrbKwuLS8Ul2tra1vbG7p2zt3Ik45JhaOWcx7HhKE0YhYkkpGegknKPQY6Xqjy1zvPhAuaBzdynFCnBANIxpQjKSiXP2wYV8rt49cb2BAW8YwgXZCByfFfTzFjZqr142mUQycB2YJ6qCcjqt/2X6M05BEEjMkRN80EulkiEuKGZnU7FSQBOERGpK+ghEKiXCyIs8EHijGh0HM1YkkLNjfGxkKhRiHnnKGSN6LWS0n/9P6qQzOnIxGSSpJhKcPBSmDKnZeDvQpJ1iysQIIc6r+CvE94ghLVWFegjkbeR5YreZ507xp1dsXZRtVsAf2wREwwSlogyvQARbA4BE8g1fwpj1pL9q79jG1VrRyZxf8Ge3zBy2SmcQ=</latexit>

B+ ! ⇡+⇡+⇡�
<latexit sha1_base64="pPVGFCVfUNngsN3DA66UpSh9YCU=">AAAB/3icbVDLSgMxFL3js46vURcu3ASLIBTLjBt1IZa6cVnBsYXOtGTSTBuaeZBkhFIK4q+4caHi1i9w786/MX0g2nog4XDOvSTnBClnUtn2lzE3v7C4tJxbMVfX1jc2ra3tW5lkglCXJDwRtQBLyllMXcUUp7VUUBwFnFaD7uXQr95RIVkS36heSv0It2MWMoKVlprWbrlRQJ5KkJeyRuHnOmpaebtoj4BmiTMh+YsP8/weACpN69NrJSSLaKwIx1LWHTtVfh8LxQinA9PLJE0x6eI2rWsa44hKvz8KMEAHWmmhMBH6xAqN1N8bfRxJ2YsCPRlh1ZHT3lD8z6tnKjz1+yxOM0VjMn4ozDjSgYdtoBYTlCje0wQTwfRfEelggYnSnZm6BGc68ixxj4tnRefazpfKMEYO9mAfDsGBEyjBFVTABQIDeIRneDEejCfj1Xgbj84Zk50d+APj/Rthv5a0</latexit><latexit sha1_base64="AhiNpfL0KNcbUdE+4P98LfgVPOk=">AAAB/3icbVDNS8MwHE3n16xfVQ8evASHIAxH60U9iGNePE6wbrB2I83SLSxtQ5IKo+ziv7KLBxWv/gXevYj/jdkHopsPEh7v/X4k7wWcUals+8vILSwuLa/kV8219Y3NLWt7504mqcDExQlLRD1AkjAaE1dRxUidC4KigJFa0Lsa+bV7IiRN4lvV58SPUCemIcVIaall7VWaReipBHqcNos/13HLKtgleww4T5wpKVy+mxd8+GlWW9aH105wGpFYYYakbDg2V36GhKKYkYHppZJwhHuoQxqaxigi0s/GAQbwUCttGCZCn1jBsfp7I0ORlP0o0JMRUl05643E/7xGqsIzP6MxTxWJ8eShMGVQBx61AdtUEKxYXxOEBdV/hbiLBMJKd2bqEpzZyPPEPSmdl5wbu1CugAnyYB8cgCPggFNQBtegClyAwQAMwRN4Nh6MR+PFeJ2M5ozpzi74A+PtG1HamCg=</latexit><latexit sha1_base64="AhiNpfL0KNcbUdE+4P98LfgVPOk=">AAAB/3icbVDNS8MwHE3n16xfVQ8evASHIAxH60U9iGNePE6wbrB2I83SLSxtQ5IKo+ziv7KLBxWv/gXevYj/jdkHopsPEh7v/X4k7wWcUals+8vILSwuLa/kV8219Y3NLWt7504mqcDExQlLRD1AkjAaE1dRxUidC4KigJFa0Lsa+bV7IiRN4lvV58SPUCemIcVIaall7VWaReipBHqcNos/13HLKtgleww4T5wpKVy+mxd8+GlWW9aH105wGpFYYYakbDg2V36GhKKYkYHppZJwhHuoQxqaxigi0s/GAQbwUCttGCZCn1jBsfp7I0ORlP0o0JMRUl05643E/7xGqsIzP6MxTxWJ8eShMGVQBx61AdtUEKxYXxOEBdV/hbiLBMJKd2bqEpzZyPPEPSmdl5wbu1CugAnyYB8cgCPggFNQBtegClyAwQAMwRN4Nh6MR+PFeJ2M5ozpzi74A+PtG1HamCg=</latexit><latexit sha1_base64="fc4fA6jNXn4SbgOEbblaleoK3OM=">AAAB/3icbVDNSgMxGPzW31r/Vj148BIsglAsu17UW6kXjxVcW+huSzbNtqHZ7JJkhVJ68VW8eFDx6mt4821M20W0dSBhmPk+kpkw5Uxpx/mylpZXVtfWCxvFza3tnV17b/9eJZkk1CMJT2QzxIpyJqinmea0mUqK45DTRji4nviNByoVS8SdHqY0iHFPsIgRrI3UsQ9r7TLydYL8lLXLP9dZxy45FWcKtEjcnJQgR71jf/rdhGQxFZpwrFTLdVIdjLDUjHA6LvqZoikmA9yjLUMFjqkKRtMAY3RilC6KEmmO0Giq/t4Y4VipYRyayRjrvpr3JuJ/XivT0WUwYiLNNBVk9lCUcWQCT9pAXSYp0XxoCCaSmb8i0scSE206K5oS3PnIi8Q7r1xV3FunVK3lbRTgCI7hFFy4gCrcQB08IDCGJ3iBV+vRerberPfZ6JKV7xzAH1gf3/RFlOc=</latexit>

If you missed them, please see parallel talks from: 
• Jinlin Fu - LHCb 
• Alberto Bragagnolo -CMS 
• Maria Smizanska - ATLAS 
• Christoph Bobeth - Theory
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• Unitarity triangle(s) from CKM matrix unitarity 
• The most famous of these has the angles  
• Precision test of the SM, if measurements are not 

consistent with a triangle - sign of NP 
• Area of the triangle proportional to CPV in the 

quark sector of the SM 

• Current status 
• Consistent with the SM 
• Both    and     are the least precise measurements 
• Excellent progress from LHCb in the last decade,  

looking forward to Belle II and LHCb upgrades! 
• No updates on     today 
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• World average (currently) dominated by LHCb’s gamma combination 
• Defined as:  

• Measurements with                      decays  

• Great progress in the last decade 

•

The latest on the angle 
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8 12. CKM quark-mixing matrix

charged ones, because the poorly known spectator-interaction contribution is expected
to be smaller (W -exchange vs. weak annihilation). For now, because of low statistics we
average the charged and neutral rates assuming the isospin symmetry and heavy quark
limit motivated relation, |Vtd/Vts|2/ξ2

γ = [Γ(B+ → ρ+γ) + 2Γ(B0 → ρ0γ)]/[Γ(B+ →
K∗+γ) + Γ(B0 → K∗0γ)] = (3.19 ± 0.46)% [67]. Here ξγ contains the poorly known
hadronic physics. Using ξγ = 1.2 ± 0.2 [70], and combining the experimental and
theoretical errors in quadrature, gives |Vtd/Vts| = 0.21 ± 0.04.

A theoretically clean determination of |VtdV
∗
ts| is possible from K+ → π+νν̄ decay [71].

Experimentally, only seven events have been observed [72] and the rate is consistent with
the SM with large uncertainties. Much more data are needed for a precision measurement.

12.2.8. |Vtb| :

The determination of |Vtb| from top decays uses the ratio of branching fractions
R = B(t → Wb)/B(t → Wq) = |Vtb|2/(

∑
q |Vtq|2) = |Vtb|2, where q = b, s, d. The CDF

and DØ measurements performed on data collected during Run II of the Tevatron give
|Vtb| > 0.78 [73] and 0.99 > |Vtb| > 0.90 [74], respectively, at 95% CL. CMS recently
measured the same quantity at 7 TeV and gives |Vtb| > 0.92 [75] at 95% CL.

The direct determination of |Vtb|, without assuming unitarity, is possible from the single
top-quark-production cross section. The (3.51+0.40

−0.37) pb average cross section measured by
DØ [76] and CDF [77] implies |Vtb| = 1.03 ± 0.06. The average t-channel single-top cross
section at CMS [78] and ATLAS [79] at 7 TeV, (68.5± 5.8) pb, implies |Vtb| = 1.03± 0.05;
the average cross section at 8TeV from a subset of the data, (85 ± 12) pb [80], implies
|Vtb| = 0.99 ± 0.07. The average of these gives

|Vtb| = 1.021 ± 0.032 . (12.15)

This does not include correlations between the 7 and 8 TeV measurements. The
experimental uncertainties dominate, and a dedicated combination would be welcome.

A weak constraint on |Vtb| can be obtained from precision electroweak data, where top
quarks enter in loops. The sensitivity is best in Γ(Z → bb̄) and yields |Vtb| = 0.77+0.18

−0.24 [81].

12.3. Phases of CKM elements

As can be seen from Fig. 12.1, the angles of the unitarity triangle are

β = φ1 = arg

(
−

VcdV
∗
cb

VtdV
∗
tb

)
,

α = φ2 = arg

(
−

VtdV
∗
tb

VudV ∗
ub

)
,

γ = φ3 = arg

(
−

VudV ∗
ub

VcdV ∗
cb

)
. (12.16)

Since CP violation involves phases of CKM elements, many measurements of CP -violating
observables can be used to constrain these angles and the ρ̄, η̄ parameters.
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<latexit sha1_base64="C/sVgTM4lS7FGisSkSbRJq8HdDc=">AAACC3icbVDLSgMxFM3UV62vqks3wSK0iMOMr+pCKLpxWcGxhc60ZNJMG5rMDElGKEM/wI1+ihsXKm79AXf+jeljoa0HAodzzuXmHj9mVCrL+jYyc/MLi0vZ5dzK6tr6Rn5z605GicDEwRGLRN1HkjAaEkdRxUg9FgRxn5Ga37sa+rV7IiSNwlvVj4nHUSekAcVIaamVL7gdxDmCF7BYtk27me4fm6eDVnpwYh4NSk0XU4F1yjKtEeAssSekUCk9XQKNaiv/5bYjnHASKsyQlA3bipWXIqEoZmSQcxNJYoR7qEMamoaIE+mlo2MGcE8rbRhEQr9QwZH6eyJFXMo+93WSI9WV095Q/M9rJCo481IaxokiIR4vChIGVQSHzcA2FQQr1tcEYUH1XyHuIoGw0v3ldAn29MmzxDk0z037RpcxqkIjC3bALigCG5RBBVyDKnAABg/gGbyCN+PReDHejY9xNGNMZrbBHxifPzramZU=</latexit><latexit sha1_base64="0pcr1hfCTMrvvUvmWZ4TYQ+mr1E=">AAACC3icbVDLSgMxFM3UV62vWpdugkVoEYcZX9WFUHXjsoJjC522ZNK0DU1mhiQjlKEf4EY/xY0LFbf+gBvxN/wC08dCWw8EDuecy809XsioVJb1ZSRmZufmF5KLqaXlldW19HrmRgaRwMTBAQtExUOSMOoTR1HFSCUUBHGPkbLXvRj45VsiJA38a9ULSY2jtk9bFCOlpUY667YR5wiewlzBNu16vHNgHvUb8e6hud/P111MBdYpy7SGgNPEHpNsMf9w9p35lKVG+sNtBjjixFeYISmrthWqWoyEopiRfsqNJAkR7qI2qWrqI05kLR4e04fbWmnCViD08xUcqr8nYsSl7HFPJzlSHTnpDcT/vGqkWse1mPphpIiPR4taEYMqgINmYJMKghXraYKwoPqvEHeQQFjp/lK6BHvy5Gni7Jknpn2lyzgHIyTBJtgCOWCDAiiCS1ACDsDgDjyCZ/Bi3BtPxqvxNoomjPHMBvgD4/0HTRib4g==</latexit><latexit sha1_base64="0pcr1hfCTMrvvUvmWZ4TYQ+mr1E=">AAACC3icbVDLSgMxFM3UV62vWpdugkVoEYcZX9WFUHXjsoJjC522ZNK0DU1mhiQjlKEf4EY/xY0LFbf+gBvxN/wC08dCWw8EDuecy809XsioVJb1ZSRmZufmF5KLqaXlldW19HrmRgaRwMTBAQtExUOSMOoTR1HFSCUUBHGPkbLXvRj45VsiJA38a9ULSY2jtk9bFCOlpUY667YR5wiewlzBNu16vHNgHvUb8e6hud/P111MBdYpy7SGgNPEHpNsMf9w9p35lKVG+sNtBjjixFeYISmrthWqWoyEopiRfsqNJAkR7qI2qWrqI05kLR4e04fbWmnCViD08xUcqr8nYsSl7HFPJzlSHTnpDcT/vGqkWse1mPphpIiPR4taEYMqgINmYJMKghXraYKwoPqvEHeQQFjp/lK6BHvy5Gni7Jknpn2lyzgHIyTBJtgCOWCDAiiCS1ACDsDgDjyCZ/Bi3BtPxqvxNoomjPHMBvgD4/0HTRib4g==</latexit><latexit sha1_base64="yMzYe2+1etfImTlg2mlGDKmts6Q=">AAACC3icbVDLSsNAFJ3UV62vqks3g0WoiCHxVV0IRTcuKxhbaNIymU7boTNJmJkIJeQD3PgrblyouPUH3Pk3TtsstPXAwOGcc7lzjx8xKpVlfRu5ufmFxaX8cmFldW19o7i5dS/DWGDi4JCFouEjSRgNiKOoYqQRCYK4z0jdH1yP/PoDEZKGwZ0aRsTjqBfQLsVIaaldLLk9xDmCl7BcsU27lRycmGdpOzk8NY/T/ZaLqcA6ZZnWGHCW2BkpgQy1dvHL7YQ45iRQmCEpm7YVKS9BQlHMSFpwY0kihAeoR5qaBogT6SXjY1K4p5UO7IZCv0DBsfp7IkFcyiH3dZIj1ZfT3kj8z2vGqnvuJTSIYkUCPFnUjRlUIRw1AztUEKzYUBOEBdV/hbiPBMJK91fQJdjTJ88S58i8MO1bq1S9ytrIgx2wC8rABhVQBTegBhyAwSN4Bq/gzXgyXox342MSzRnZzDb4A+PzB5MrmFs=</latexit>
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• Improving measurements of     from       decays 
• GLW/ADS approach with  
• Data from 2011-2016:  
• Measure CP asymmetries and yield ratios which can be interpreted in term of 

7

D ! K±⇡⌥, K+K�, ⇡+⇡�, K±⇡⌥⇡±⇡⌥, ⇡+⇡�⇡+⇡�
<latexit sha1_base64="KpoViF79Kall5KOkzl4IYsNKiis="></latexit><latexit sha1_base64="XjQybjHD4JLH5Tn5HOGf16BGX+8="></latexit><latexit sha1_base64="XjQybjHD4JLH5Tn5HOGf16BGX+8="></latexit><latexit sha1_base64="QHdeggiwGKlzMFRpyOwtCatkOiM=">AAACVXicbVHPT8IwGO0GIuIPUI9eGomJCT+yeVFvRD2YeMHECQkD0pUCDe3WtJ0JIfyTetE/xYuxjB0m+CVf+/Le99L2NRCMKu04X5ady+8Udot7pf2Dw6Ny5fjkVUWxxMTDEYtkN0CKMBoST1PNSFdIgnjASCeY3a/0zhuRikbhi54L0udoEtIxxUgbaljhD9DXEXwa+IJDX9CBz0Ud+nXD1Ew3Erzia8naSLXM9HrfcGccWTysVJ2mkxTcBm4KqiCt9rDy7o8iHHMSasyQUj3XEbq/QFJTzMiy5MeKCIRnaEJ6BoaIE9VfJLEs4YVhRnAcSdOhhgmbdSwQV2rOAzPJkZ6qTW1F/qf1Yj2+6S9oKGJNQrw+aBwzaIJcZQxHVBKs2dwAhCU1d4V4iiTC2vxEyYTgbj55G3hXzdum++xUW3dpGkVwBs7BJXDBNWiBR9AGHsDgA3xbtpWzPq0fO28X1qO2lXpOwZ+yy79jRK2N</latexit>

4.8 fb�1
<latexit sha1_base64="TG8qHT3M9DVqC9IMS2uaeZp1stA=">AAAB83icbVBNT8JAEJ36ifiFevSyEUy82LTERLwRvXjExAoJVLJdtrBhu627WxLS8Du8eFDj1T/jzX/jAj0o+JJJXt6bycy8IOFMacf5tlZW19Y3Ngtbxe2d3b390sHhg4pTSahHYh7LVoAV5UxQTzPNaSuRFEcBp81geDP1myMqFYvFvR4n1I9wX7CQEayN5F/YNRQGlcfs3J1UuqWyYzszoGXi5qQMORrd0lenF5M0okITjpVqu06i/QxLzQink2InVTTBZIj7tG2owBFVfjY7eoJOjdJDYSxNCY1m6u+JDEdKjaPAdEZYD9SiNxX/89qpDmt+xkSSairIfFGYcqRjNE0A9ZikRPOxIZhIZm5FZIAlJtrkVDQhuIsvLxOval/Z7l21XL/O0yjAMZzAGbhwCXW4hQZ4QOAJnuEV3qyR9WK9Wx/z1hUrnzmCP7A+fwC1K5BM</latexit><latexit sha1_base64="TG8qHT3M9DVqC9IMS2uaeZp1stA=">AAAB83icbVBNT8JAEJ36ifiFevSyEUy82LTERLwRvXjExAoJVLJdtrBhu627WxLS8Du8eFDj1T/jzX/jAj0o+JJJXt6bycy8IOFMacf5tlZW19Y3Ngtbxe2d3b390sHhg4pTSahHYh7LVoAV5UxQTzPNaSuRFEcBp81geDP1myMqFYvFvR4n1I9wX7CQEayN5F/YNRQGlcfs3J1UuqWyYzszoGXi5qQMORrd0lenF5M0okITjpVqu06i/QxLzQink2InVTTBZIj7tG2owBFVfjY7eoJOjdJDYSxNCY1m6u+JDEdKjaPAdEZYD9SiNxX/89qpDmt+xkSSairIfFGYcqRjNE0A9ZikRPOxIZhIZm5FZIAlJtrkVDQhuIsvLxOval/Z7l21XL/O0yjAMZzAGbhwCXW4hQZ4QOAJnuEV3qyR9WK9Wx/z1hUrnzmCP7A+fwC1K5BM</latexit><latexit sha1_base64="TG8qHT3M9DVqC9IMS2uaeZp1stA=">AAAB83icbVBNT8JAEJ36ifiFevSyEUy82LTERLwRvXjExAoJVLJdtrBhu627WxLS8Du8eFDj1T/jzX/jAj0o+JJJXt6bycy8IOFMacf5tlZW19Y3Ngtbxe2d3b390sHhg4pTSahHYh7LVoAV5UxQTzPNaSuRFEcBp81geDP1myMqFYvFvR4n1I9wX7CQEayN5F/YNRQGlcfs3J1UuqWyYzszoGXi5qQMORrd0lenF5M0okITjpVqu06i/QxLzQink2InVTTBZIj7tG2owBFVfjY7eoJOjdJDYSxNCY1m6u+JDEdKjaPAdEZYD9SiNxX/89qpDmt+xkSSairIfFGYcqRjNE0A9ZikRPOxIZhIZm5FZIAlJtrkVDQhuIsvLxOval/Z7l21XL/O0yjAMZzAGbhwCXW4hQZ4QOAJnuEV3qyR9WK9Wx/z1hUrnzmCP7A+fwC1K5BM</latexit><latexit sha1_base64="TG8qHT3M9DVqC9IMS2uaeZp1stA=">AAAB83icbVBNT8JAEJ36ifiFevSyEUy82LTERLwRvXjExAoJVLJdtrBhu627WxLS8Du8eFDj1T/jzX/jAj0o+JJJXt6bycy8IOFMacf5tlZW19Y3Ngtbxe2d3b390sHhg4pTSahHYh7LVoAV5UxQTzPNaSuRFEcBp81geDP1myMqFYvFvR4n1I9wX7CQEayN5F/YNRQGlcfs3J1UuqWyYzszoGXi5qQMORrd0lenF5M0okITjpVqu06i/QxLzQink2InVTTBZIj7tG2owBFVfjY7eoJOjdJDYSxNCY1m6u+JDEdKjaPAdEZYD9SiNxX/89qpDmt+xkSSairIfFGYcqRjNE0A9ZikRPOxIZhIZm5FZIAlJtrkVDQhuIsvLxOval/Z7l21XL/O0yjAMZzAGbhwCXW4hQZ4QOAJnuEV3qyR9WK9Wx/z1hUrnzmCP7A+fwC1K5BM</latexit>
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�
<latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit>

B0
<latexit sha1_base64="BOZrhMEneoywd1UzEksWATcKHC4=">AAAB6XicbZDNSgMxFIXv1L86/lVdugkWwVXJuFEXYqkblxUdW2jHkkkzbWgmMyQZoQwFX8CNCxW3Pox7d76NaetCWw8EPs65l9x7w1RwbTD+cgoLi0vLK8VVd219Y3OrtL1zq5NMUebTRCSqGRLNBJfMN9wI1kwVI3EoWCMcXIzzxj1TmifyxgxTFsSkJ3nEKTHWuq7d4U6pjCt4IjQP3g+Uzz/cswcAqHdKn+1uQrOYSUMF0brl4dQEOVGGU8FGbjvTLCV0QHqsZVGSmOkgn4w6QgfW6aIoUfZJgybu746cxFoP49BWxsT09Ww2Nv/LWpmJToKcyzQzTNLpR1EmkEnQeG/U5YpRI4YWCFXczoponyhCjb2Oa4/gza48D/5R5bTiXeFytQZTFWEP9uEQPDiGKlxCHXyg0INHeIYXRzhPzqvzNi0tOD89u/BHzvs3kIuPBQ==</latexit><latexit sha1_base64="eAvY2DOoCOMknPte9vdhyQal9MQ=">AAAB6XicbZC7TsMwFIZPyq2EW4CRxaJCYqoSFmBAVGVhLILQSm2oHNdprTpOZDtIVdRHYGEAxNqHYWdBvA3uZYCWX7L06f/Pkc85YcqZ0q77bRWWlldW14rr9sbm1vaOs7t3r5JMEuqThCeyEWJFORPU10xz2kglxXHIaT3sX43z+iOViiXiTg9SGsS4K1jECNbGuq0+uG2n5JbdidAieDMoXX7YF+noy661nc9WJyFZTIUmHCvV9NxUBzmWmhFOh3YrUzTFpI+7tGlQ4JiqIJ+MOkRHxumgKJHmCY0m7u+OHMdKDeLQVMZY99R8Njb/y5qZjs6CnIk001SQ6UdRxpFO0Hhv1GGSEs0HBjCRzMyKSA9LTLS5jm2O4M2vvAj+Sfm87N24pUoVpirCARzCMXhwChW4hhr4QKALT/ACrxa3nq03631aWrBmPfvwR9boB4CmkHk=</latexit><latexit sha1_base64="eAvY2DOoCOMknPte9vdhyQal9MQ=">AAAB6XicbZC7TsMwFIZPyq2EW4CRxaJCYqoSFmBAVGVhLILQSm2oHNdprTpOZDtIVdRHYGEAxNqHYWdBvA3uZYCWX7L06f/Pkc85YcqZ0q77bRWWlldW14rr9sbm1vaOs7t3r5JMEuqThCeyEWJFORPU10xz2kglxXHIaT3sX43z+iOViiXiTg9SGsS4K1jECNbGuq0+uG2n5JbdidAieDMoXX7YF+noy661nc9WJyFZTIUmHCvV9NxUBzmWmhFOh3YrUzTFpI+7tGlQ4JiqIJ+MOkRHxumgKJHmCY0m7u+OHMdKDeLQVMZY99R8Njb/y5qZjs6CnIk001SQ6UdRxpFO0Hhv1GGSEs0HBjCRzMyKSA9LTLS5jm2O4M2vvAj+Sfm87N24pUoVpirCARzCMXhwChW4hhr4QKALT/ACrxa3nq03631aWrBmPfvwR9boB4CmkHk=</latexit><latexit sha1_base64="rSgl/m2K+BxpjMfbtRBhnLq8/og=">AAAB6XicbVBNT8JAEJ36ifiFevSykZh4Iq0X9Ubw4hGjFRKoZLtMYcN22+xuTUjDT/DiQY1X/5E3/40L9KDgSyZ5eW8mM/PCVHBtXPfbWVldW9/YLG2Vt3d29/YrB4cPOskUQ58lIlHtkGoUXKJvuBHYThXSOBTYCkfXU7/1hErzRN6bcYpBTAeSR5xRY6W7xqPbq1TdmjsDWSZeQapQoNmrfHX7CctilIYJqnXHc1MT5FQZzgROyt1MY0rZiA6wY6mkMeogn506IadW6ZMoUbakITP190ROY63HcWg7Y2qGetGbiv95ncxEl0HOZZoZlGy+KMoEMQmZ/k36XCEzYmwJZYrbWwkbUkWZsemUbQje4svLxD+vXdW8W7dabxRplOAYTuAMPLiAOtxAE3xgMIBneIU3RzgvzrvzMW9dcYqZI/gD5/MHIyCNOA==</latexit>

B̄0
<latexit sha1_base64="+tciq/5QW8IBpbKhN3+LH4smyqE=">AAAB73icbZDNSgMxFIXv1L86/lVdugkWwVWZcaMuxFI3Lis4ttKOJZNm2tAkMyQZoQwF38GNCxW3Pol7d76NaetCWw8EPs65l9x7o5QzbTzvyyksLC4trxRX3bX1jc2t0vbOjU4yRWhAEp6oZoQ15UzSwDDDaTNVFIuI00Y0uBjnjXuqNEvktRmmNBS4J1nMCDbWum1HWOW10Z3XKZW9ijcRmgf/B8rnH+7ZAwDUO6XPdjchmaDSEI61bvleasIcK8MIpyO3nWmaYjLAPdqyKLGgOswnA4/QgXW6KE6UfdKgifu7I8dC66GIbKXApq9ns7H5X9bKTHwS5kymmaGSTD+KM45Mgsbboy5TlBg+tICJYnZWRPpYYWLsjVx7BH925XkIjiqnFf/KK1drMFUR9mAfDsGHY6jCJdQhAAICHuEZXhzlPDmvztu0tOD89OzCHznv31Cvkco=</latexit><latexit sha1_base64="8pFiamCYRZSX6UJsfhNSXlFuhlw=">AAAB73icbZDLSgMxFIbP1Fsdb1WXboJFcFVm3KgLsdSNywqOrbRjyaRpG5pkhiQjlKFP4caFiuDKJ3HvRnwb08tCW38IfPz/OeScEyWcaeN5305uYXFpeSW/6q6tb2xuFbZ3bnScKkIDEvNY1SOsKWeSBoYZTuuJolhEnNai/sUor91TpVksr80goaHAXck6jGBjrdtmhFVWGd55rULRK3ljoXnwp1A8/3DPkrcvt9oqfDbbMUkFlYZwrHXD9xITZlgZRjgdus1U0wSTPu7ShkWJBdVhNh54iA6s00adWNknDRq7vzsyLLQeiMhWCmx6ejYbmf9ljdR0TsKMySQ1VJLJR52UIxOj0faozRQlhg8sYKKYnRWRHlaYGHsj1x7Bn115HoKj0mnJv/KK5QpMlIc92IdD8OEYynAJVQiAgIAHeIJnRzmPzovzOinNOdOeXfgj5/0HQMqTPg==</latexit><latexit sha1_base64="8pFiamCYRZSX6UJsfhNSXlFuhlw=">AAAB73icbZDLSgMxFIbP1Fsdb1WXboJFcFVm3KgLsdSNywqOrbRjyaRpG5pkhiQjlKFP4caFiuDKJ3HvRnwb08tCW38IfPz/OeScEyWcaeN5305uYXFpeSW/6q6tb2xuFbZ3bnScKkIDEvNY1SOsKWeSBoYZTuuJolhEnNai/sUor91TpVksr80goaHAXck6jGBjrdtmhFVWGd55rULRK3ljoXnwp1A8/3DPkrcvt9oqfDbbMUkFlYZwrHXD9xITZlgZRjgdus1U0wSTPu7ShkWJBdVhNh54iA6s00adWNknDRq7vzsyLLQeiMhWCmx6ejYbmf9ljdR0TsKMySQ1VJLJR52UIxOj0faozRQlhg8sYKKYnRWRHlaYGHsj1x7Bn115HoKj0mnJv/KK5QpMlIc92IdD8OEYynAJVQiAgIAHeIJnRzmPzovzOinNOdOeXfgj5/0HQMqTPg==</latexit><latexit sha1_base64="Li6uFYPhgsxNToL+43hsXJPpZpo=">AAAB73icbVBNTwIxEJ31E/EL9eilkZh4Il0v6o3gxSMmrmBgJd3ShYa2u2m7JmTDr/DiQY1X/443/40F9qDgSyZ5eW8mM/OiVHBjMf72VlbX1jc2S1vl7Z3dvf3KweG9STJNWUATkeh2RAwTXLHAcitYO9WMyEiwVjS6nvqtJ6YNT9SdHacslGSgeMwpsU566EZE543JI+5VqriGZ0DLxC9IFQo0e5Wvbj+hmWTKUkGM6fg4tWFOtOVUsEm5mxmWEjoiA9ZxVBHJTJjPDp6gU6f0UZxoV8qimfp7IifSmLGMXKckdmgWvan4n9fJbHwZ5lylmWWKzhfFmUA2QdPvUZ9rRq0YO0Ko5u5WRIdEE2pdRmUXgr/48jIJzmtXNf8WV+uNIo0SHMMJnIEPF1CHG2hCABQkPMMrvHnae/HevY9564pXzBzBH3ifP+M1j/0=</latexit>

GLW/ADS analysis with                     decaysB0 ! DK⇤0
<latexit sha1_base64="RzahtGdKDNOuyeHtvgXptruX9f4=">AAACF3icdVDLSgMxFM3UV62vqks3wVYQkXGmCLW7Ul0Ibio4tjAzLZk0bUMzD5KMUIb5DDf+ihsXKm5159+Yaauo6IGEwzn3JvceL2JUSMN413Jz8wuLS/nlwsrq2vpGcXPrWoQxx8TCIQt520OCMBoQS1LJSDviBPkeIy1vdJr5rRvCBQ2DKzmOiOujQUD7FCOppG7xKHEmj9h84LmJoddqh19XWm50DOjIEJ7Bi05yYKTltFssZVYGOCXV4xmpmdDUjQlKYIZmt/jm9EIc+ySQmCEhbNOIpJsgLilmJC04sSARwiM0ILaiAfKJcJPJTCncU0oP9kOuTiDhRP3ekSBfiLHvqUofyaH47WXiX54dy/6Jm9AgiiUJ8PSjfsyg2jVLCfYoJ1iysSIIc6pmhXiIOMJSZVlQIXxuCv8nVkWv6eZlpVRvzNLIgx2wC/aBCaqgDs5BE1gAg1twDx7Bk3anPWjP2su0NKfNerbBD2ivH0X5nQI=</latexit><latexit sha1_base64="RzahtGdKDNOuyeHtvgXptruX9f4=">AAACF3icdVDLSgMxFM3UV62vqks3wVYQkXGmCLW7Ul0Ibio4tjAzLZk0bUMzD5KMUIb5DDf+ihsXKm5159+Yaauo6IGEwzn3JvceL2JUSMN413Jz8wuLS/nlwsrq2vpGcXPrWoQxx8TCIQt520OCMBoQS1LJSDviBPkeIy1vdJr5rRvCBQ2DKzmOiOujQUD7FCOppG7xKHEmj9h84LmJoddqh19XWm50DOjIEJ7Bi05yYKTltFssZVYGOCXV4xmpmdDUjQlKYIZmt/jm9EIc+ySQmCEhbNOIpJsgLilmJC04sSARwiM0ILaiAfKJcJPJTCncU0oP9kOuTiDhRP3ekSBfiLHvqUofyaH47WXiX54dy/6Jm9AgiiUJ8PSjfsyg2jVLCfYoJ1iysSIIc6pmhXiIOMJSZVlQIXxuCv8nVkWv6eZlpVRvzNLIgx2wC/aBCaqgDs5BE1gAg1twDx7Bk3anPWjP2su0NKfNerbBD2ivH0X5nQI=</latexit><latexit sha1_base64="RzahtGdKDNOuyeHtvgXptruX9f4=">AAACF3icdVDLSgMxFM3UV62vqks3wVYQkXGmCLW7Ul0Ibio4tjAzLZk0bUMzD5KMUIb5DDf+ihsXKm5159+Yaauo6IGEwzn3JvceL2JUSMN413Jz8wuLS/nlwsrq2vpGcXPrWoQxx8TCIQt520OCMBoQS1LJSDviBPkeIy1vdJr5rRvCBQ2DKzmOiOujQUD7FCOppG7xKHEmj9h84LmJoddqh19XWm50DOjIEJ7Bi05yYKTltFssZVYGOCXV4xmpmdDUjQlKYIZmt/jm9EIc+ySQmCEhbNOIpJsgLilmJC04sSARwiM0ILaiAfKJcJPJTCncU0oP9kOuTiDhRP3ekSBfiLHvqUofyaH47WXiX54dy/6Jm9AgiiUJ8PSjfsyg2jVLCfYoJ1iysSIIc6pmhXiIOMJSZVlQIXxuCv8nVkWv6eZlpVRvzNLIgx2wC/aBCaqgDs5BE1gAg1twDx7Bk3anPWjP2su0NKfNerbBD2ivH0X5nQI=</latexit><latexit sha1_base64="RzahtGdKDNOuyeHtvgXptruX9f4=">AAACF3icdVDLSgMxFM3UV62vqks3wVYQkXGmCLW7Ul0Ibio4tjAzLZk0bUMzD5KMUIb5DDf+ihsXKm5159+Yaauo6IGEwzn3JvceL2JUSMN413Jz8wuLS/nlwsrq2vpGcXPrWoQxx8TCIQt520OCMBoQS1LJSDviBPkeIy1vdJr5rRvCBQ2DKzmOiOujQUD7FCOppG7xKHEmj9h84LmJoddqh19XWm50DOjIEJ7Bi05yYKTltFssZVYGOCXV4xmpmdDUjQlKYIZmt/jm9EIc+ySQmCEhbNOIpJsgLilmJC04sSARwiM0ILaiAfKJcJPJTCncU0oP9kOuTiDhRP3ekSBfiLHvqUofyaH47WXiX54dy/6Jm9AgiiUJ8PSjfsyg2jVLCfYoJ1iysSIIc6pmhXiIOMJSZVlQIXxuCv8nVkWv6eZlpVRvzNLIgx2wC/aBCaqgDs5BE1gAg1twDx7Bk3anPWjP2su0NKfNerbBD2ivH0X5nQI=</latexit>
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B0
<latexit sha1_base64="HdHWTrEH8flBwuB91LLS7cVytGE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWNLbQxrLZbtulm03YnQgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemEhh0HW/ncLK6tr6RnGztLW9s7tX3j94MHGqGfdZLGPdCqnhUijuo0DJW4nmNAolb4aj66nffOLaiFjd4zjhQUQHSvQFo2ilu/qj2y1X3Ko7A1kmXk4qkKPRLX91ejFLI66QSWpM23MTDDKqUTDJJ6VOanhC2YgOeNtSRSNugmx26oScWKVH+rG2pZDM1N8TGY2MGUeh7YwoDs2iNxX/89op9i+DTKgkRa7YfFE/lQRjMv2b9ITmDOXYEsq0sLcSNqSaMrTplGwI3uLLy8Q/q15VvdvzSq2ep1GEIziGU/DgAmpwAw3wgcEAnuEV3hzpvDjvzse8teDkM4fwB87nDyRgjTw=</latexit><latexit sha1_base64="HdHWTrEH8flBwuB91LLS7cVytGE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWNLbQxrLZbtulm03YnQgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemEhh0HW/ncLK6tr6RnGztLW9s7tX3j94MHGqGfdZLGPdCqnhUijuo0DJW4nmNAolb4aj66nffOLaiFjd4zjhQUQHSvQFo2ilu/qj2y1X3Ko7A1kmXk4qkKPRLX91ejFLI66QSWpM23MTDDKqUTDJJ6VOanhC2YgOeNtSRSNugmx26oScWKVH+rG2pZDM1N8TGY2MGUeh7YwoDs2iNxX/89op9i+DTKgkRa7YfFE/lQRjMv2b9ITmDOXYEsq0sLcSNqSaMrTplGwI3uLLy8Q/q15VvdvzSq2ep1GEIziGU/DgAmpwAw3wgcEAnuEV3hzpvDjvzse8teDkM4fwB87nDyRgjTw=</latexit><latexit sha1_base64="HdHWTrEH8flBwuB91LLS7cVytGE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWNLbQxrLZbtulm03YnQgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemEhh0HW/ncLK6tr6RnGztLW9s7tX3j94MHGqGfdZLGPdCqnhUijuo0DJW4nmNAolb4aj66nffOLaiFjd4zjhQUQHSvQFo2ilu/qj2y1X3Ko7A1kmXk4qkKPRLX91ejFLI66QSWpM23MTDDKqUTDJJ6VOanhC2YgOeNtSRSNugmx26oScWKVH+rG2pZDM1N8TGY2MGUeh7YwoDs2iNxX/89op9i+DTKgkRa7YfFE/lQRjMv2b9ITmDOXYEsq0sLcSNqSaMrTplGwI3uLLy8Q/q15VvdvzSq2ep1GEIziGU/DgAmpwAw3wgcEAnuEV3hzpvDjvzse8teDkM4fwB87nDyRgjTw=</latexit><latexit sha1_base64="HdHWTrEH8flBwuB91LLS7cVytGE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWNLbQxrLZbtulm03YnQgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemEhh0HW/ncLK6tr6RnGztLW9s7tX3j94MHGqGfdZLGPdCqnhUijuo0DJW4nmNAolb4aj66nffOLaiFjd4zjhQUQHSvQFo2ilu/qj2y1X3Ko7A1kmXk4qkKPRLX91ejFLI66QSWpM23MTDDKqUTDJJ6VOanhC2YgOeNtSRSNugmx26oScWKVH+rG2pZDM1N8TGY2MGUeh7YwoDs2iNxX/89op9i+DTKgkRa7YfFE/lQRjMv2b9ITmDOXYEsq0sLcSNqSaMrTplGwI3uLLy8Q/q15VvdvzSq2ep1GEIziGU/DgAmpwAw3wgcEAnuEV3hzpvDjvzse8teDkM4fwB87nDyRgjTw=</latexit>

�
<latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit>
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• Improving measurements of     from       decays 
• GLW/ADS approach with  
• Data from 2011-2016:  
• Measure CP asymmetries and yield ratios which can be interpreted in term of 

8

D ! K±⇡⌥, K+K�, ⇡+⇡�, K±⇡⌥⇡±⇡⌥, ⇡+⇡�⇡+⇡�
<latexit sha1_base64="KpoViF79Kall5KOkzl4IYsNKiis="></latexit><latexit sha1_base64="XjQybjHD4JLH5Tn5HOGf16BGX+8="></latexit><latexit sha1_base64="XjQybjHD4JLH5Tn5HOGf16BGX+8="></latexit><latexit sha1_base64="QHdeggiwGKlzMFRpyOwtCatkOiM=">AAACVXicbVHPT8IwGO0GIuIPUI9eGomJCT+yeVFvRD2YeMHECQkD0pUCDe3WtJ0JIfyTetE/xYuxjB0m+CVf+/Le99L2NRCMKu04X5ady+8Udot7pf2Dw6Ny5fjkVUWxxMTDEYtkN0CKMBoST1PNSFdIgnjASCeY3a/0zhuRikbhi54L0udoEtIxxUgbaljhD9DXEXwa+IJDX9CBz0Ud+nXD1Ew3Erzia8naSLXM9HrfcGccWTysVJ2mkxTcBm4KqiCt9rDy7o8iHHMSasyQUj3XEbq/QFJTzMiy5MeKCIRnaEJ6BoaIE9VfJLEs4YVhRnAcSdOhhgmbdSwQV2rOAzPJkZ6qTW1F/qf1Yj2+6S9oKGJNQrw+aBwzaIJcZQxHVBKs2dwAhCU1d4V4iiTC2vxEyYTgbj55G3hXzdum++xUW3dpGkVwBs7BJXDBNWiBR9AGHsDgA3xbtpWzPq0fO28X1qO2lXpOwZ+yy79jRK2N</latexit>

4.8 fb�1
<latexit sha1_base64="TG8qHT3M9DVqC9IMS2uaeZp1stA=">AAAB83icbVBNT8JAEJ36ifiFevSyEUy82LTERLwRvXjExAoJVLJdtrBhu627WxLS8Du8eFDj1T/jzX/jAj0o+JJJXt6bycy8IOFMacf5tlZW19Y3Ngtbxe2d3b390sHhg4pTSahHYh7LVoAV5UxQTzPNaSuRFEcBp81geDP1myMqFYvFvR4n1I9wX7CQEayN5F/YNRQGlcfs3J1UuqWyYzszoGXi5qQMORrd0lenF5M0okITjpVqu06i/QxLzQink2InVTTBZIj7tG2owBFVfjY7eoJOjdJDYSxNCY1m6u+JDEdKjaPAdEZYD9SiNxX/89qpDmt+xkSSairIfFGYcqRjNE0A9ZikRPOxIZhIZm5FZIAlJtrkVDQhuIsvLxOval/Z7l21XL/O0yjAMZzAGbhwCXW4hQZ4QOAJnuEV3qyR9WK9Wx/z1hUrnzmCP7A+fwC1K5BM</latexit><latexit sha1_base64="TG8qHT3M9DVqC9IMS2uaeZp1stA=">AAAB83icbVBNT8JAEJ36ifiFevSyEUy82LTERLwRvXjExAoJVLJdtrBhu627WxLS8Du8eFDj1T/jzX/jAj0o+JJJXt6bycy8IOFMacf5tlZW19Y3Ngtbxe2d3b390sHhg4pTSahHYh7LVoAV5UxQTzPNaSuRFEcBp81geDP1myMqFYvFvR4n1I9wX7CQEayN5F/YNRQGlcfs3J1UuqWyYzszoGXi5qQMORrd0lenF5M0okITjpVqu06i/QxLzQink2InVTTBZIj7tG2owBFVfjY7eoJOjdJDYSxNCY1m6u+JDEdKjaPAdEZYD9SiNxX/89qpDmt+xkSSairIfFGYcqRjNE0A9ZikRPOxIZhIZm5FZIAlJtrkVDQhuIsvLxOval/Z7l21XL/O0yjAMZzAGbhwCXW4hQZ4QOAJnuEV3qyR9WK9Wx/z1hUrnzmCP7A+fwC1K5BM</latexit><latexit sha1_base64="TG8qHT3M9DVqC9IMS2uaeZp1stA=">AAAB83icbVBNT8JAEJ36ifiFevSyEUy82LTERLwRvXjExAoJVLJdtrBhu627WxLS8Du8eFDj1T/jzX/jAj0o+JJJXt6bycy8IOFMacf5tlZW19Y3Ngtbxe2d3b390sHhg4pTSahHYh7LVoAV5UxQTzPNaSuRFEcBp81geDP1myMqFYvFvR4n1I9wX7CQEayN5F/YNRQGlcfs3J1UuqWyYzszoGXi5qQMORrd0lenF5M0okITjpVqu06i/QxLzQink2InVTTBZIj7tG2owBFVfjY7eoJOjdJDYSxNCY1m6u+JDEdKjaPAdEZYD9SiNxX/89qpDmt+xkSSairIfFGYcqRjNE0A9ZikRPOxIZhIZm5FZIAlJtrkVDQhuIsvLxOval/Z7l21XL/O0yjAMZzAGbhwCXW4hQZ4QOAJnuEV3qyR9WK9Wx/z1hUrnzmCP7A+fwC1K5BM</latexit><latexit sha1_base64="TG8qHT3M9DVqC9IMS2uaeZp1stA=">AAAB83icbVBNT8JAEJ36ifiFevSyEUy82LTERLwRvXjExAoJVLJdtrBhu627WxLS8Du8eFDj1T/jzX/jAj0o+JJJXt6bycy8IOFMacf5tlZW19Y3Ngtbxe2d3b390sHhg4pTSahHYh7LVoAV5UxQTzPNaSuRFEcBp81geDP1myMqFYvFvR4n1I9wX7CQEayN5F/YNRQGlcfs3J1UuqWyYzszoGXi5qQMORrd0lenF5M0okITjpVqu06i/QxLzQink2InVTTBZIj7tG2owBFVfjY7eoJOjdJDYSxNCY1m6u+JDEdKjaPAdEZYD9SiNxX/89qpDmt+xkSSairIfFGYcqRjNE0A9ZikRPOxIZhIZm5FZIAlJtrkVDQhuIsvLxOval/Z7l21XL/O0yjAMZzAGbhwCXW4hQZ4QOAJnuEV3qyR9WK9Wx/z1hUrnzmCP7A+fwC1K5BM</latexit>

B0
<latexit sha1_base64="BOZrhMEneoywd1UzEksWATcKHC4=">AAAB6XicbZDNSgMxFIXv1L86/lVdugkWwVXJuFEXYqkblxUdW2jHkkkzbWgmMyQZoQwFX8CNCxW3Pox7d76NaetCWw8EPs65l9x7w1RwbTD+cgoLi0vLK8VVd219Y3OrtL1zq5NMUebTRCSqGRLNBJfMN9wI1kwVI3EoWCMcXIzzxj1TmifyxgxTFsSkJ3nEKTHWuq7d4U6pjCt4IjQP3g+Uzz/cswcAqHdKn+1uQrOYSUMF0brl4dQEOVGGU8FGbjvTLCV0QHqsZVGSmOkgn4w6QgfW6aIoUfZJgybu746cxFoP49BWxsT09Ww2Nv/LWpmJToKcyzQzTNLpR1EmkEnQeG/U5YpRI4YWCFXczoponyhCjb2Oa4/gza48D/5R5bTiXeFytQZTFWEP9uEQPDiGKlxCHXyg0INHeIYXRzhPzqvzNi0tOD89u/BHzvs3kIuPBQ==</latexit><latexit sha1_base64="eAvY2DOoCOMknPte9vdhyQal9MQ=">AAAB6XicbZC7TsMwFIZPyq2EW4CRxaJCYqoSFmBAVGVhLILQSm2oHNdprTpOZDtIVdRHYGEAxNqHYWdBvA3uZYCWX7L06f/Pkc85YcqZ0q77bRWWlldW14rr9sbm1vaOs7t3r5JMEuqThCeyEWJFORPU10xz2kglxXHIaT3sX43z+iOViiXiTg9SGsS4K1jECNbGuq0+uG2n5JbdidAieDMoXX7YF+noy661nc9WJyFZTIUmHCvV9NxUBzmWmhFOh3YrUzTFpI+7tGlQ4JiqIJ+MOkRHxumgKJHmCY0m7u+OHMdKDeLQVMZY99R8Njb/y5qZjs6CnIk001SQ6UdRxpFO0Hhv1GGSEs0HBjCRzMyKSA9LTLS5jm2O4M2vvAj+Sfm87N24pUoVpirCARzCMXhwChW4hhr4QKALT/ACrxa3nq03631aWrBmPfvwR9boB4CmkHk=</latexit><latexit sha1_base64="eAvY2DOoCOMknPte9vdhyQal9MQ=">AAAB6XicbZC7TsMwFIZPyq2EW4CRxaJCYqoSFmBAVGVhLILQSm2oHNdprTpOZDtIVdRHYGEAxNqHYWdBvA3uZYCWX7L06f/Pkc85YcqZ0q77bRWWlldW14rr9sbm1vaOs7t3r5JMEuqThCeyEWJFORPU10xz2kglxXHIaT3sX43z+iOViiXiTg9SGsS4K1jECNbGuq0+uG2n5JbdidAieDMoXX7YF+noy661nc9WJyFZTIUmHCvV9NxUBzmWmhFOh3YrUzTFpI+7tGlQ4JiqIJ+MOkRHxumgKJHmCY0m7u+OHMdKDeLQVMZY99R8Njb/y5qZjs6CnIk001SQ6UdRxpFO0Hhv1GGSEs0HBjCRzMyKSA9LTLS5jm2O4M2vvAj+Sfm87N24pUoVpirCARzCMXhwChW4hhr4QKALT/ACrxa3nq03631aWrBmPfvwR9boB4CmkHk=</latexit><latexit sha1_base64="rSgl/m2K+BxpjMfbtRBhnLq8/og=">AAAB6XicbVBNT8JAEJ36ifiFevSykZh4Iq0X9Ubw4hGjFRKoZLtMYcN22+xuTUjDT/DiQY1X/5E3/40L9KDgSyZ5eW8mM/PCVHBtXPfbWVldW9/YLG2Vt3d29/YrB4cPOskUQ58lIlHtkGoUXKJvuBHYThXSOBTYCkfXU7/1hErzRN6bcYpBTAeSR5xRY6W7xqPbq1TdmjsDWSZeQapQoNmrfHX7CctilIYJqnXHc1MT5FQZzgROyt1MY0rZiA6wY6mkMeogn506IadW6ZMoUbakITP190ROY63HcWg7Y2qGetGbiv95ncxEl0HOZZoZlGy+KMoEMQmZ/k36XCEzYmwJZYrbWwkbUkWZsemUbQje4svLxD+vXdW8W7dabxRplOAYTuAMPLiAOtxAE3xgMIBneIU3RzgvzrvzMW9dcYqZI/gD5/MHIyCNOA==</latexit>

B̄0
<latexit sha1_base64="+tciq/5QW8IBpbKhN3+LH4smyqE=">AAAB73icbZDNSgMxFIXv1L86/lVdugkWwVWZcaMuxFI3Lis4ttKOJZNm2tAkMyQZoQwF38GNCxW3Pol7d76NaetCWw8EPs65l9x7o5QzbTzvyyksLC4trxRX3bX1jc2t0vbOjU4yRWhAEp6oZoQ15UzSwDDDaTNVFIuI00Y0uBjnjXuqNEvktRmmNBS4J1nMCDbWum1HWOW10Z3XKZW9ijcRmgf/B8rnH+7ZAwDUO6XPdjchmaDSEI61bvleasIcK8MIpyO3nWmaYjLAPdqyKLGgOswnA4/QgXW6KE6UfdKgifu7I8dC66GIbKXApq9ns7H5X9bKTHwS5kymmaGSTD+KM45Mgsbboy5TlBg+tICJYnZWRPpYYWLsjVx7BH925XkIjiqnFf/KK1drMFUR9mAfDsGHY6jCJdQhAAICHuEZXhzlPDmvztu0tOD89OzCHznv31Cvkco=</latexit><latexit sha1_base64="8pFiamCYRZSX6UJsfhNSXlFuhlw=">AAAB73icbZDLSgMxFIbP1Fsdb1WXboJFcFVm3KgLsdSNywqOrbRjyaRpG5pkhiQjlKFP4caFiuDKJ3HvRnwb08tCW38IfPz/OeScEyWcaeN5305uYXFpeSW/6q6tb2xuFbZ3bnScKkIDEvNY1SOsKWeSBoYZTuuJolhEnNai/sUor91TpVksr80goaHAXck6jGBjrdtmhFVWGd55rULRK3ljoXnwp1A8/3DPkrcvt9oqfDbbMUkFlYZwrHXD9xITZlgZRjgdus1U0wSTPu7ShkWJBdVhNh54iA6s00adWNknDRq7vzsyLLQeiMhWCmx6ejYbmf9ljdR0TsKMySQ1VJLJR52UIxOj0faozRQlhg8sYKKYnRWRHlaYGHsj1x7Bn115HoKj0mnJv/KK5QpMlIc92IdD8OEYynAJVQiAgIAHeIJnRzmPzovzOinNOdOeXfgj5/0HQMqTPg==</latexit><latexit sha1_base64="8pFiamCYRZSX6UJsfhNSXlFuhlw=">AAAB73icbZDLSgMxFIbP1Fsdb1WXboJFcFVm3KgLsdSNywqOrbRjyaRpG5pkhiQjlKFP4caFiuDKJ3HvRnwb08tCW38IfPz/OeScEyWcaeN5305uYXFpeSW/6q6tb2xuFbZ3bnScKkIDEvNY1SOsKWeSBoYZTuuJolhEnNai/sUor91TpVksr80goaHAXck6jGBjrdtmhFVWGd55rULRK3ljoXnwp1A8/3DPkrcvt9oqfDbbMUkFlYZwrHXD9xITZlgZRjgdus1U0wSTPu7ShkWJBdVhNh54iA6s00adWNknDRq7vzsyLLQeiMhWCmx6ejYbmf9ljdR0TsKMySQ1VJLJR52UIxOj0faozRQlhg8sYKKYnRWRHlaYGHsj1x7Bn115HoKj0mnJv/KK5QpMlIc92IdD8OEYynAJVQiAgIAHeIJnRzmPzovzOinNOdOeXfgj5/0HQMqTPg==</latexit><latexit sha1_base64="Li6uFYPhgsxNToL+43hsXJPpZpo=">AAAB73icbVBNTwIxEJ31E/EL9eilkZh4Il0v6o3gxSMmrmBgJd3ShYa2u2m7JmTDr/DiQY1X/443/40F9qDgSyZ5eW8mM/OiVHBjMf72VlbX1jc2S1vl7Z3dvf3KweG9STJNWUATkeh2RAwTXLHAcitYO9WMyEiwVjS6nvqtJ6YNT9SdHacslGSgeMwpsU566EZE543JI+5VqriGZ0DLxC9IFQo0e5Wvbj+hmWTKUkGM6fg4tWFOtOVUsEm5mxmWEjoiA9ZxVBHJTJjPDp6gU6f0UZxoV8qimfp7IifSmLGMXKckdmgWvan4n9fJbHwZ5lylmWWKzhfFmUA2QdPvUZ9rRq0YO0Ko5u5WRIdEE2pdRmUXgr/48jIJzmtXNf8WV+uNIo0SHMMJnIEPF1CHG2hCABQkPMMrvHnae/HevY9564pXzBzBH3ifP+M1j/0=</latexit>
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B0
<latexit sha1_base64="BOZrhMEneoywd1UzEksWATcKHC4=">AAAB6XicbZDNSgMxFIXv1L86/lVdugkWwVXJuFEXYqkblxUdW2jHkkkzbWgmMyQZoQwFX8CNCxW3Pox7d76NaetCWw8EPs65l9x7w1RwbTD+cgoLi0vLK8VVd219Y3OrtL1zq5NMUebTRCSqGRLNBJfMN9wI1kwVI3EoWCMcXIzzxj1TmifyxgxTFsSkJ3nEKTHWuq7d4U6pjCt4IjQP3g+Uzz/cswcAqHdKn+1uQrOYSUMF0brl4dQEOVGGU8FGbjvTLCV0QHqsZVGSmOkgn4w6QgfW6aIoUfZJgybu746cxFoP49BWxsT09Ww2Nv/LWpmJToKcyzQzTNLpR1EmkEnQeG/U5YpRI4YWCFXczoponyhCjb2Oa4/gza48D/5R5bTiXeFytQZTFWEP9uEQPDiGKlxCHXyg0INHeIYXRzhPzqvzNi0tOD89u/BHzvs3kIuPBQ==</latexit><latexit sha1_base64="eAvY2DOoCOMknPte9vdhyQal9MQ=">AAAB6XicbZC7TsMwFIZPyq2EW4CRxaJCYqoSFmBAVGVhLILQSm2oHNdprTpOZDtIVdRHYGEAxNqHYWdBvA3uZYCWX7L06f/Pkc85YcqZ0q77bRWWlldW14rr9sbm1vaOs7t3r5JMEuqThCeyEWJFORPU10xz2kglxXHIaT3sX43z+iOViiXiTg9SGsS4K1jECNbGuq0+uG2n5JbdidAieDMoXX7YF+noy661nc9WJyFZTIUmHCvV9NxUBzmWmhFOh3YrUzTFpI+7tGlQ4JiqIJ+MOkRHxumgKJHmCY0m7u+OHMdKDeLQVMZY99R8Njb/y5qZjs6CnIk001SQ6UdRxpFO0Hhv1GGSEs0HBjCRzMyKSA9LTLS5jm2O4M2vvAj+Sfm87N24pUoVpirCARzCMXhwChW4hhr4QKALT/ACrxa3nq03631aWrBmPfvwR9boB4CmkHk=</latexit><latexit sha1_base64="eAvY2DOoCOMknPte9vdhyQal9MQ=">AAAB6XicbZC7TsMwFIZPyq2EW4CRxaJCYqoSFmBAVGVhLILQSm2oHNdprTpOZDtIVdRHYGEAxNqHYWdBvA3uZYCWX7L06f/Pkc85YcqZ0q77bRWWlldW14rr9sbm1vaOs7t3r5JMEuqThCeyEWJFORPU10xz2kglxXHIaT3sX43z+iOViiXiTg9SGsS4K1jECNbGuq0+uG2n5JbdidAieDMoXX7YF+noy661nc9WJyFZTIUmHCvV9NxUBzmWmhFOh3YrUzTFpI+7tGlQ4JiqIJ+MOkRHxumgKJHmCY0m7u+OHMdKDeLQVMZY99R8Njb/y5qZjs6CnIk001SQ6UdRxpFO0Hhv1GGSEs0HBjCRzMyKSA9LTLS5jm2O4M2vvAj+Sfm87N24pUoVpirCARzCMXhwChW4hhr4QKALT/ACrxa3nq03631aWrBmPfvwR9boB4CmkHk=</latexit><latexit sha1_base64="rSgl/m2K+BxpjMfbtRBhnLq8/og=">AAAB6XicbVBNT8JAEJ36ifiFevSykZh4Iq0X9Ubw4hGjFRKoZLtMYcN22+xuTUjDT/DiQY1X/5E3/40L9KDgSyZ5eW8mM/PCVHBtXPfbWVldW9/YLG2Vt3d29/YrB4cPOskUQ58lIlHtkGoUXKJvuBHYThXSOBTYCkfXU7/1hErzRN6bcYpBTAeSR5xRY6W7xqPbq1TdmjsDWSZeQapQoNmrfHX7CctilIYJqnXHc1MT5FQZzgROyt1MY0rZiA6wY6mkMeogn506IadW6ZMoUbakITP190ROY63HcWg7Y2qGetGbiv95ncxEl0HOZZoZlGy+KMoEMQmZ/k36XCEzYmwJZYrbWwkbUkWZsemUbQje4svLxD+vXdW8W7dabxRplOAYTuAMPLiAOtxAE3xgMIBneIU3RzgvzrvzMW9dcYqZI/gD5/MHIyCNOA==</latexit>

B̄0
<latexit sha1_base64="+tciq/5QW8IBpbKhN3+LH4smyqE=">AAAB73icbZDNSgMxFIXv1L86/lVdugkWwVWZcaMuxFI3Lis4ttKOJZNm2tAkMyQZoQwF38GNCxW3Pol7d76NaetCWw8EPs65l9x7o5QzbTzvyyksLC4trxRX3bX1jc2t0vbOjU4yRWhAEp6oZoQ15UzSwDDDaTNVFIuI00Y0uBjnjXuqNEvktRmmNBS4J1nMCDbWum1HWOW10Z3XKZW9ijcRmgf/B8rnH+7ZAwDUO6XPdjchmaDSEI61bvleasIcK8MIpyO3nWmaYjLAPdqyKLGgOswnA4/QgXW6KE6UfdKgifu7I8dC66GIbKXApq9ns7H5X9bKTHwS5kymmaGSTD+KM45Mgsbboy5TlBg+tICJYnZWRPpYYWLsjVx7BH925XkIjiqnFf/KK1drMFUR9mAfDsGHY6jCJdQhAAICHuEZXhzlPDmvztu0tOD89OzCHznv31Cvkco=</latexit><latexit sha1_base64="8pFiamCYRZSX6UJsfhNSXlFuhlw=">AAAB73icbZDLSgMxFIbP1Fsdb1WXboJFcFVm3KgLsdSNywqOrbRjyaRpG5pkhiQjlKFP4caFiuDKJ3HvRnwb08tCW38IfPz/OeScEyWcaeN5305uYXFpeSW/6q6tb2xuFbZ3bnScKkIDEvNY1SOsKWeSBoYZTuuJolhEnNai/sUor91TpVksr80goaHAXck6jGBjrdtmhFVWGd55rULRK3ljoXnwp1A8/3DPkrcvt9oqfDbbMUkFlYZwrHXD9xITZlgZRjgdus1U0wSTPu7ShkWJBdVhNh54iA6s00adWNknDRq7vzsyLLQeiMhWCmx6ejYbmf9ljdR0TsKMySQ1VJLJR52UIxOj0faozRQlhg8sYKKYnRWRHlaYGHsj1x7Bn115HoKj0mnJv/KK5QpMlIc92IdD8OEYynAJVQiAgIAHeIJnRzmPzovzOinNOdOeXfgj5/0HQMqTPg==</latexit><latexit sha1_base64="8pFiamCYRZSX6UJsfhNSXlFuhlw=">AAAB73icbZDLSgMxFIbP1Fsdb1WXboJFcFVm3KgLsdSNywqOrbRjyaRpG5pkhiQjlKFP4caFiuDKJ3HvRnwb08tCW38IfPz/OeScEyWcaeN5305uYXFpeSW/6q6tb2xuFbZ3bnScKkIDEvNY1SOsKWeSBoYZTuuJolhEnNai/sUor91TpVksr80goaHAXck6jGBjrdtmhFVWGd55rULRK3ljoXnwp1A8/3DPkrcvt9oqfDbbMUkFlYZwrHXD9xITZlgZRjgdus1U0wSTPu7ShkWJBdVhNh54iA6s00adWNknDRq7vzsyLLQeiMhWCmx6ejYbmf9ljdR0TsKMySQ1VJLJR52UIxOj0faozRQlhg8sYKKYnRWRHlaYGHsj1x7Bn115HoKj0mnJv/KK5QpMlIc92IdD8OEYynAJVQiAgIAHeIJnRzmPzovzOinNOdOeXfgj5/0HQMqTPg==</latexit><latexit sha1_base64="Li6uFYPhgsxNToL+43hsXJPpZpo=">AAAB73icbVBNTwIxEJ31E/EL9eilkZh4Il0v6o3gxSMmrmBgJd3ShYa2u2m7JmTDr/DiQY1X/443/40F9qDgSyZ5eW8mM/OiVHBjMf72VlbX1jc2S1vl7Z3dvf3KweG9STJNWUATkeh2RAwTXLHAcitYO9WMyEiwVjS6nvqtJ6YNT9SdHacslGSgeMwpsU566EZE543JI+5VqriGZ0DLxC9IFQo0e5Wvbj+hmWTKUkGM6fg4tWFOtOVUsEm5mxmWEjoiA9ZxVBHJTJjPDp6gU6f0UZxoV8qimfp7IifSmLGMXKckdmgWvan4n9fJbHwZ5lylmWWKzhfFmUA2QdPvUZ9rRq0YO0Ko5u5WRIdEE2pdRmUXgr/48jIJzmtXNf8WV+uNIo0SHMMJnIEPF1CHG2hCABQkPMMrvHnae/HevY9564pXzBzBH3ifP+M1j/0=</latexit>

GLW/ADS analysis with                     decaysB0 ! DK⇤0
<latexit sha1_base64="RzahtGdKDNOuyeHtvgXptruX9f4=">AAACF3icdVDLSgMxFM3UV62vqks3wVYQkXGmCLW7Ul0Ibio4tjAzLZk0bUMzD5KMUIb5DDf+ihsXKm5159+Yaauo6IGEwzn3JvceL2JUSMN413Jz8wuLS/nlwsrq2vpGcXPrWoQxx8TCIQt520OCMBoQS1LJSDviBPkeIy1vdJr5rRvCBQ2DKzmOiOujQUD7FCOppG7xKHEmj9h84LmJoddqh19XWm50DOjIEJ7Bi05yYKTltFssZVYGOCXV4xmpmdDUjQlKYIZmt/jm9EIc+ySQmCEhbNOIpJsgLilmJC04sSARwiM0ILaiAfKJcJPJTCncU0oP9kOuTiDhRP3ekSBfiLHvqUofyaH47WXiX54dy/6Jm9AgiiUJ8PSjfsyg2jVLCfYoJ1iysSIIc6pmhXiIOMJSZVlQIXxuCv8nVkWv6eZlpVRvzNLIgx2wC/aBCaqgDs5BE1gAg1twDx7Bk3anPWjP2su0NKfNerbBD2ivH0X5nQI=</latexit><latexit sha1_base64="RzahtGdKDNOuyeHtvgXptruX9f4=">AAACF3icdVDLSgMxFM3UV62vqks3wVYQkXGmCLW7Ul0Ibio4tjAzLZk0bUMzD5KMUIb5DDf+ihsXKm5159+Yaauo6IGEwzn3JvceL2JUSMN413Jz8wuLS/nlwsrq2vpGcXPrWoQxx8TCIQt520OCMBoQS1LJSDviBPkeIy1vdJr5rRvCBQ2DKzmOiOujQUD7FCOppG7xKHEmj9h84LmJoddqh19XWm50DOjIEJ7Bi05yYKTltFssZVYGOCXV4xmpmdDUjQlKYIZmt/jm9EIc+ySQmCEhbNOIpJsgLilmJC04sSARwiM0ILaiAfKJcJPJTCncU0oP9kOuTiDhRP3ekSBfiLHvqUofyaH47WXiX54dy/6Jm9AgiiUJ8PSjfsyg2jVLCfYoJ1iysSIIc6pmhXiIOMJSZVlQIXxuCv8nVkWv6eZlpVRvzNLIgx2wC/aBCaqgDs5BE1gAg1twDx7Bk3anPWjP2su0NKfNerbBD2ivH0X5nQI=</latexit><latexit sha1_base64="RzahtGdKDNOuyeHtvgXptruX9f4=">AAACF3icdVDLSgMxFM3UV62vqks3wVYQkXGmCLW7Ul0Ibio4tjAzLZk0bUMzD5KMUIb5DDf+ihsXKm5159+Yaauo6IGEwzn3JvceL2JUSMN413Jz8wuLS/nlwsrq2vpGcXPrWoQxx8TCIQt520OCMBoQS1LJSDviBPkeIy1vdJr5rRvCBQ2DKzmOiOujQUD7FCOppG7xKHEmj9h84LmJoddqh19XWm50DOjIEJ7Bi05yYKTltFssZVYGOCXV4xmpmdDUjQlKYIZmt/jm9EIc+ySQmCEhbNOIpJsgLilmJC04sSARwiM0ILaiAfKJcJPJTCncU0oP9kOuTiDhRP3ekSBfiLHvqUofyaH47WXiX54dy/6Jm9AgiiUJ8PSjfsyg2jVLCfYoJ1iysSIIc6pmhXiIOMJSZVlQIXxuCv8nVkWv6eZlpVRvzNLIgx2wC/aBCaqgDs5BE1gAg1twDx7Bk3anPWjP2su0NKfNerbBD2ivH0X5nQI=</latexit><latexit sha1_base64="RzahtGdKDNOuyeHtvgXptruX9f4=">AAACF3icdVDLSgMxFM3UV62vqks3wVYQkXGmCLW7Ul0Ibio4tjAzLZk0bUMzD5KMUIb5DDf+ihsXKm5159+Yaauo6IGEwzn3JvceL2JUSMN413Jz8wuLS/nlwsrq2vpGcXPrWoQxx8TCIQt520OCMBoQS1LJSDviBPkeIy1vdJr5rRvCBQ2DKzmOiOujQUD7FCOppG7xKHEmj9h84LmJoddqh19XWm50DOjIEJ7Bi05yYKTltFssZVYGOCXV4xmpmdDUjQlKYIZmt/jm9EIc+ySQmCEhbNOIpJsgLilmJC04sSARwiM0ILaiAfKJcJPJTCncU0oP9kOuTiDhRP3ekSBfiLHvqUofyaH47WXiX54dy/6Jm9AgiiUJ8PSjfsyg2jVLCfYoJ1iysSIIc6pmhXiIOMJSZVlQIXxuCv8nVkWv6eZlpVRvzNLIgx2wC/aBCaqgDs5BE1gAg1twDx7Bk3anPWjP2su0NKfNerbBD2ivH0X5nQI=</latexit>
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B0
<latexit sha1_base64="HdHWTrEH8flBwuB91LLS7cVytGE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWNLbQxrLZbtulm03YnQgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemEhh0HW/ncLK6tr6RnGztLW9s7tX3j94MHGqGfdZLGPdCqnhUijuo0DJW4nmNAolb4aj66nffOLaiFjd4zjhQUQHSvQFo2ilu/qj2y1X3Ko7A1kmXk4qkKPRLX91ejFLI66QSWpM23MTDDKqUTDJJ6VOanhC2YgOeNtSRSNugmx26oScWKVH+rG2pZDM1N8TGY2MGUeh7YwoDs2iNxX/89op9i+DTKgkRa7YfFE/lQRjMv2b9ITmDOXYEsq0sLcSNqSaMrTplGwI3uLLy8Q/q15VvdvzSq2ep1GEIziGU/DgAmpwAw3wgcEAnuEV3hzpvDjvzse8teDkM4fwB87nDyRgjTw=</latexit><latexit sha1_base64="HdHWTrEH8flBwuB91LLS7cVytGE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWNLbQxrLZbtulm03YnQgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemEhh0HW/ncLK6tr6RnGztLW9s7tX3j94MHGqGfdZLGPdCqnhUijuo0DJW4nmNAolb4aj66nffOLaiFjd4zjhQUQHSvQFo2ilu/qj2y1X3Ko7A1kmXk4qkKPRLX91ejFLI66QSWpM23MTDDKqUTDJJ6VOanhC2YgOeNtSRSNugmx26oScWKVH+rG2pZDM1N8TGY2MGUeh7YwoDs2iNxX/89op9i+DTKgkRa7YfFE/lQRjMv2b9ITmDOXYEsq0sLcSNqSaMrTplGwI3uLLy8Q/q15VvdvzSq2ep1GEIziGU/DgAmpwAw3wgcEAnuEV3hzpvDjvzse8teDkM4fwB87nDyRgjTw=</latexit><latexit sha1_base64="HdHWTrEH8flBwuB91LLS7cVytGE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWNLbQxrLZbtulm03YnQgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemEhh0HW/ncLK6tr6RnGztLW9s7tX3j94MHGqGfdZLGPdCqnhUijuo0DJW4nmNAolb4aj66nffOLaiFjd4zjhQUQHSvQFo2ilu/qj2y1X3Ko7A1kmXk4qkKPRLX91ejFLI66QSWpM23MTDDKqUTDJJ6VOanhC2YgOeNtSRSNugmx26oScWKVH+rG2pZDM1N8TGY2MGUeh7YwoDs2iNxX/89op9i+DTKgkRa7YfFE/lQRjMv2b9ITmDOXYEsq0sLcSNqSaMrTplGwI3uLLy8Q/q15VvdvzSq2ep1GEIziGU/DgAmpwAw3wgcEAnuEV3hzpvDjvzse8teDkM4fwB87nDyRgjTw=</latexit><latexit sha1_base64="HdHWTrEH8flBwuB91LLS7cVytGE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG+lXjxWNLbQxrLZbtulm03YnQgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemEhh0HW/ncLK6tr6RnGztLW9s7tX3j94MHGqGfdZLGPdCqnhUijuo0DJW4nmNAolb4aj66nffOLaiFjd4zjhQUQHSvQFo2ilu/qj2y1X3Ko7A1kmXk4qkKPRLX91ejFLI66QSWpM23MTDDKqUTDJJ6VOanhC2YgOeNtSRSNugmx26oScWKVH+rG2pZDM1N8TGY2MGUeh7YwoDs2iNxX/89op9i+DTKgkRa7YfFE/lQRjMv2b9ITmDOXYEsq0sLcSNqSaMrTplGwI3uLLy8Q/q15VvdvzSq2ep1GEIziGU/DgAmpwAw3wgcEAnuEV3hzpvDjvzse8teDkM4fwB87nDyRgjTw=</latexit>
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• Lots of results 
• First observation of                                  modes 
• CP asymmetries consistent with 0 at       level 
• Combination of observables can constrain 

GLW/ADS analysis with                     decays
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correction to the relative yield of misidentified B0
! D⇡+⇡� decays between Run 1

and Run 2, and the relative yields and CP asymmetries of the partially reconstructed
B+

! DK+⇡�⇡+ background. For the latter, the uncertainties taken from Ref. [38] are
doubled to account for the fact that there are possible di↵erences in the phase-space
acceptance between the two analyses.

A study of the invariant-mass sidebands of the D candidates is performed in order to
search for evidence of any residual charmless background which would also contaminate
the B signal region. This sideband study is performed after imposing the flight distance
cut on the D candidate, but without applying the BDT selection, as this may not have a
uniform acceptance in D mass. Regions of the sidebands where there are known reflections
from D-meson decays with misidentified final products are excluded. No significant signals
are found from charmless decays in any mode. The measured yields are extrapolated into
the signal region and taken as the central values from which many pseudoexperiments with
an added charmless background component are simulated. These data sets are fitted using
the nominal fit model which neglects the new background contribution, and a systematic
uncertainty is assigned based on the measured bias.

Table 2 gives the systematic uncertainties for each observable. Systematic uncertainties
which are more than two orders of magnitude smaller than the statistical uncertainty
are considered to be negligible and ignored. The non-negligible uncertainties are added
in quadrature to give the total systematic uncertainty, which in all cases is considerably
smaller than the statistical uncertainty.

The acceptance for the four-body D-decay modes is not fully uniform across phase
space. Studies performed with amplitude models of these decays indicate that, at the
current level of sensitivity, a nonuniform acceptance does not lead to any significant bias
when the observables are interpreted in terms of � and the other underlying physics
parameters. No systematic uncertainty is assigned.

7 Results and discussion

The measured values for the principal observables are

A
KK
CP = �0.05 ± 0.10 ± 0.01,
A

⇡⇡
CP = �0.18 ± 0.14 ± 0.01,

R
KK
CP = 0.92 ± 0.10 ± 0.02,

R
⇡⇡
CP = 1.32 ± 0.19 ± 0.03,

A
4⇡
CP = �0.03 ± 0.15 ± 0.01,

R
4⇡
CP = 1.01 ± 0.16 ± 0.04,

R
⇡K
+ = 0.064 ± 0.021 ± 0.002,

R
⇡K
� = 0.095 ± 0.021 ± 0.003,

R
⇡K⇡⇡
+ = 0.074 ± 0.026 ± 0.002,

R
⇡K⇡⇡
� = 0.072 ± 0.025 ± 0.003,
A

K⇡
ADS = 0.047 ± 0.027 ± 0.010,

A
K⇡⇡⇡
ADS = 0.037 ± 0.032 ± 0.010,

where the first uncertainty is statistical, and the second systematic. The values of R⇡K
±

and R
⇡K⇡⇡
± are used to calculate the suppressed-mode ADS observables, which are found

to be
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A
⇡K
ADS = 0.19 ± 0.19 ± 0.01,

R
⇡K
ADS = 0.080 ± 0.015 ± 0.002,

A
⇡K⇡⇡
ADS = �0.01 ± 0.24 ± 0.01,

R
⇡K⇡⇡
ADS = 0.073 ± 0.018 ± 0.002.

All CP asymmetries are compatible with zero to within two standard deviations.
The values of the GLW asymmetries and ratios are found to be consistent between
the two modes, within 0.8 and 1.8 standard deviations, respectively. The results for
D ! ⇡+⇡�⇡+⇡� are in agreement with these values, after correcting for the known CP -
even content of this state. The same observables determined for B0

s decays are compatible
with the CP -conserving hypothesis. Results for B0

s decays can be found in Appendix A,
together with the results for all observables separated between the Run 1 and Run 2 data
sets, and full correlation matrices.

The statistical significances of the signal yields in the previously unobserved channels
are calculated using Wilks’ theorem [41]. The likelihood profiles are convolved with a
Gaussian function with standard deviation equal to the systematic uncertainties on the
yields. This procedure yields a significance of 8.4� for the B0

! D(⇡+⇡�⇡+⇡�)K⇤0 decay,
5.8� for the B0

! D(⇡+K�)K⇤0 decay and 4.4� for the B0
! D(⇡+K�⇡+⇡�)K⇤0 decay,

constituting the first observation of the first two modes, and strong evidence for the
presence of the suppressed four-body ADS channel.

The results are interpreted in terms of the underlying physics parameters �, rDK
⇤0

B

and �DK
⇤0

B by performing a global �2 minimisation. The minimised �2/ndf is equal to
7.1/9. A scan of physics parameters is performed for a range of values and the di↵erence
in �2 between the parameter scan and the global minimum, ��2, is evaluated. The
confidence level for any pair of parameters is calculated assuming that these are normally
distributed, which allows the ��2 = 2.30, 6.18, 11.8 contours to be drawn, corresponding
to 68.6%, 95.5%, 99.7% confidence levels, respectively. These contours are shown in Fig. 6.
As expected, there is a degeneracy in the (�, �DK

⇤0
B ) plane. Four favoured solutions can

be seen, two of which are compatible with the existing LHCb determination of � [4, 5],
which is dominated by results obtained from B+

! DK+ processes, which have values of
rDK�
B and �DK�

B di↵erent from rDK
⇤0

B and �DK
⇤0

B . The degeneracy of the solutions can be
broken by combining these results with those using other D decay modes, specifically the
D ! K0

S⇡
+⇡� decay. The value of rDK

⇤0
B is determined to be 0.265± 0.023. In accordance

with expectation, this is almost a factor of three larger than the corresponding parameter
in B+

! DK+ decays [4, 5]. This measurement is consistent with, and more accurate
than, the previous measurement by LHCb in Ref. [7].
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• Measure CP violation with                         decays 
• Full Run 1 and 2 data sample 
• Measure asymmetries and yield ratios in the  

and non               regions 
• Results to be added to the LHCb    combination

GLS analysis with                    decays
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Combinatorial

Part. reco.

Charmless
B0

s ! DK±º®

B+ ! DK+
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7 Results

The results for the K⇤+ region of the Dalitz plot are

AD⇡

SS
= �0.020 ± 0.011 ± 0.003 ,

AD⇡

OS
= 0.007 ± 0.017 ± 0.003 ,

ADK

SS
= 0.084 ± 0.049 ± 0.008 ,

ADK

OS
= 0.021 ± 0.094 ± 0.017 ,

RSS/OS = 2.585 ± 0.057 ± 0.019 ,

RDK/D⇡

SS
= 0.079 ± 0.004 ± 0.002 ,

RDK/D⇡

OS
= 0.062 ± 0.006 ± 0.003 ,

and the results for the non-K⇤+ region are

AD⇡

SS
= �0.034 ± 0.020 ± 0.003 ,

AD⇡

OS
= 0.003 ± 0.015 ± 0.003 ,

ADK

SS
= 0.095 ± 0.089 ± 0.018 ,

ADK

OS
= �0.038 ± 0.075 ± 0.011 ,

RSS/OS = 0.706 ± 0.019 ± 0.009 ,

RDK/D⇡

SS
= 0.081 ± 0.008 ± 0.004 ,

RDK/D⇡

OS
= 0.073 ± 0.006 ± 0.002 .

The results are in agreement with Ref. [7], and all statistical uncertainties are reduced
in accordance with the increased signal yields. The systematic uncertainties on each
asymmetry are reduced considerably due to improved knowledge of the B± production
asymmetry and the kaon detection asymmetry. The systematic uncertainties on RDK/D⇡

SS
,

RDK/D⇡

OS
, and RSS/OS are also reduced, due to the use of larger simulated samples. All ob-

servables are statistically limited with the current data set. The statistical and systematic
correlation matrices for the CP observables are given in App. A.

A comparison of the K⇤+ region results with the SM expectation is made by calculating
the CP observables from the current best-fit values of � = (74.0+5.0

�5.8
)�, �B = (131.2+5.1

�5.9
)�,

and rB = (9.89+0.51

�0.50
)% for B+

! DK+ decays [5]; no comparison is made using the non-
K⇤+ results, since the required charm hadronic parameters have not yet been measured.
For B+

! D⇡+ decays, where no independent information on r⇡
B
and �⇡

B
is available,

the uniform PDFs 180� < �⇡
B

< 360� and r⇡
B

< 0.02 are used. The D-decay parameters
are taken from the literature: r2

D
= 0.655 ± 0.007 and �D = (�16.6 ± 18.4)� [30];

 = 0.94 ± 0.12 [8]. The small corrections due to D mixing are not considered.
For these inputs, the 68% and 95% confidence-level expectation intervals are displayed

in Fig. 6, together with the results presented herein. The dominant uncertainty contribution
to the expectation intervals comes from the D-decay parameter inputs. The measurements
are found to be compatible with the SM expectation, where the �2 per degree of freedom
is found to be 1.56 taking into account the uncertainties and correlations of both the
measurements and the expected values; the corresponding p-value for rejection of the SM
hypothesis is 0.14.
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• Measurement of time-dependent CP violation at LHCb 
• Full Run 1 + Run 2 data sample of             with  

and  
• Measure five CP observables from the  

time-dependent decay rates 

Measuring CPV with                         decays
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1 Introduction

In the hadronic sector of the Standard Model (SM), CP violation originates from an
irreducible complex phase in the Cabibbo–Kobayashi–Maskawa matrix that describes the
mixing of the quark mass eigenstates into weak-interaction eigenstates [1, 2]. Interference
caused by a weak-phase di↵erence between the B0–B0 oscillation and the decay amplitudes
leads to a CP asymmetry in the decay-time distributions of B0 and B0 mesons. Decays
involving b! ccs tree transitions at leading order, such as B0! J/ K0

S,
1 are sensitive

to the weak phase 2�, where � ⌘ arg[�(VcdV
⇤
cb)/(VtdV

⇤
tb)] is one of the angles of the

Unitarity Triangle. Measurements of this phase were performed by several experiments
using di↵erent channels [3]. The same phase appears in b! ccd transitions, which
contribute to B0! D⇤±D⌥ decays, when the leading-order colour-favoured tree diagram
is considered. However, B0! D⇤±D⌥ decays can also proceed through several other decay
diagrams, that include penguin, W -exchange and annihilation topologies, where additional
contributions to CP violation both from the SM and new physics (NP) may arise. Tests
of the SM have been performed by relating CP asymmetries and branching fractions of
di↵erent decay modes of neutral and charged beauty mesons to two charm mesons [4, 5].

Each of the D⇤+D� and D⇤�D+ final states are accessible from both B0 and B0

mesons. The time-dependent decay rates for the four configurations of initial B flavour
and final states can be written as
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(1)

where f = D⇤+D� and f̄ = D⇤�D+. The parameter Aff̄ represents the overall asymmetry
in the production of the f and f̄ final states and is defined as

Aff̄ =

⇣
|Af |2 + |Āf |2
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�
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|Af̄ |2 + |Āf̄ |2
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|Af |2 + |Āf |2

⌘
+
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|Af̄ |2 + |Āf̄ |2

⌘ , (2)

with Af (Af̄) and Āf (Āf̄) indicating the amplitudes of the decay of a B0 and a B0

meson to final state f (f̄). Here, ⌧d is the B0 lifetime and �md is the mass di↵erence
of the two B0 mass eigenstates, which are assumed to have the same decay width [3].
Introducing q and p to describe the relation between the mass and flavour eigenstates,
|BH,Li = p|B0i± q|B0i, the parameters Sf and Cf are defined as

Sf =
2Im�f
1 + |�f |2

, Cf =
1� |�f |2

1 + |�f |2
, �f =

q

p

Āf

Af
, (3)

1Charge-conjugated processes are implicitly included in the following, unless specified.
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1 Introduction

In the hadronic sector of the Standard Model (SM), CP violation originates from an
irreducible complex phase in the Cabibbo–Kobayashi–Maskawa matrix that describes the
mixing of the quark mass eigenstates into weak-interaction eigenstates [1, 2]. Interference
caused by a weak-phase di↵erence between the B0–B0 oscillation and the decay amplitudes
leads to a CP asymmetry in the decay-time distributions of B0 and B0 mesons. Decays
involving b! ccs tree transitions at leading order, such as B0! J/ K0
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Unitarity Triangle. Measurements of this phase were performed by several experiments
using di↵erent channels [3]. The same phase appears in b! ccd transitions, which
contribute to B0! D⇤±D⌥ decays, when the leading-order colour-favoured tree diagram
is considered. However, B0! D⇤±D⌥ decays can also proceed through several other decay
diagrams, that include penguin, W -exchange and annihilation topologies, where additional
contributions to CP violation both from the SM and new physics (NP) may arise. Tests
of the SM have been performed by relating CP asymmetries and branching fractions of
di↵erent decay modes of neutral and charged beauty mesons to two charm mesons [4, 5].

Each of the D⇤+D� and D⇤�D+ final states are accessible from both B0 and B0
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with Af (Af̄) and Āf (Āf̄) indicating the amplitudes of the decay of a B0 and a B0

meson to final state f (f̄). Here, ⌧d is the B0 lifetime and �md is the mass di↵erence
of the two B0 mass eigenstates, which are assumed to have the same decay width [3].
Introducing q and p to describe the relation between the mass and flavour eigenstates,
|BH,Li = p|B0i± q|B0i, the parameters Sf and Cf are defined as

Sf =
2Im�f
1 + |�f |2

, Cf =
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1Charge-conjugated processes are implicitly included in the following, unless specified.
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• Measure the coefficients and combine them into the CPV observables 

• Most precise measurement of this channel, excluding CP conservation at 

Measuring CPV with                         decays
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Abstract
The decay-time-dependent CP asymmetry in B0 ! D⇤±D⌥ decays is measured
using a data set corresponding to an integrated luminosity of 9 fb�1 recorded by
the LHCb detector in proton-proton collisions at centre-of-mass energies of 7, 8 and
13TeV. The CP parameters are measured as

SD⇤D = �0.861± 0.077 (stat)± 0.019 (syst) ,

�SD⇤D = 0.019± 0.075 (stat)± 0.012 (syst) ,

CD⇤D = �0.059± 0.092 (stat)± 0.020 (syst) ,

�CD⇤D = �0.031± 0.092 (stat)± 0.016 (syst) ,

AD⇤D = 0.008± 0.014 (stat)± 0.006 (syst) .

The analysis provides the most precise single measurement of CP violation in this
decay channel to date. All parameters are consistent with their current world
average values.

Published in JHEP 03 (2020) 147.

c� 2020 CERN for the benefit of the LHCb collaboration. CC-BY-4.0 licence.

†Authors are listed at the end of this paper.
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B0 ! D⇤±D⌥
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with analogous definitions holding for Sf̄ , and Cf̄ . By combining these parameters, the
CP observables for B0! D⇤±D⌥ decays can be defined as [3]

SD⇤D =
1

2
(Sf + Sf̄ ),

�SD⇤D =
1

2
(Sf � Sf̄ ),

CD⇤D =
1

2
(Cf + Cf̄ ),

�CD⇤D =
1

2
(Cf � Cf̄ ),

AD⇤D = Aff̄ .

(4)

In absence of CP violation, SD⇤D and CD⇤D vanish. While �SD⇤D is related to the relative
strong phase between the decay amplitudes, the parameter �CD⇤D is a measure of how
flavour specific the decay mode is. For a flavour-specific decay only one final state is
accessible for each flavour of the decaying neutral B meson, �CD⇤D = ±1 and no CP
violation in the interference between decays with and without mixing is possible. Decays
with �CD⇤D = 0 present the highest sensitivity to mixing-induced CP violation. In
the case of B0! D⇤±D⌥ decays, if the contribution of higher-order SM processes and
NP are negligible, the amplitudes for B0 ! D⇤+D� and B0 ! D⇤�D+ have the same
hadronic phase and magnitude. As a result, AD⇤D, CD⇤D, �CD⇤D and �SD⇤D vanish
and SD⇤D = sin(2�). Theoretical models, based on QCD factorization and heavy quark
symmetry, estimate the contribution of penguin amplitudes in B0! D⇤±D⌥ to be up to
a few percent [6, 7].

By combining Eqs. 1 and 4 the decay rate can be rewritten as

d�(t)

dt
=
e�t/⌧d

8⌧d
(1 + rAD⇤D)⇥ (5)

h
1� d(SD⇤D + r�SD⇤D)sin(�mt) + d(CD⇤D + r�CD⇤D) cos(�mt)

i
,

where d takes values +1 (�1) for mesons whose initial flavour is B0 (B0) and r takes
values +1 (�1) for the final states f (f̄).

This paper reports the first measurement of CP violation in B0! D⇤±D⌥ decays
at the LHCb experiment. The measurement is based on a sample of pp collision data
corresponding to integrated luminosities of 1 and 2 fb�1 at centre-of-mass energies of 7
and 8TeV (referred to as Run 1) and of 6 fb�1 at 13TeV (Run 2), recorded by the LHCb
experiment between 2011 and 2018. Previous measurements with this B0 decay mode
have been performed by the BaBar [8] and Belle experiments [9].

In this analysis the B0! D⇤±D⌥ candidates are reconstructed through the subsequent
decays D� ! K+⇡�⇡� and D⇤+ ! D0⇡+. For the D0 meson, the D0 ! K�⇡+⇡+⇡�

and D0! K�⇡+ decay modes are used. The analysis proceeds as follows: B0! D⇤±D⌥

candidates, reconstructed in the two D0 decay modes and the two data-taking periods,
are selected and analysed separately, as outlined in Sec. 3. The signal contribution
is determined in each of the four samples with fits to the B0 mass distributions, as
described in Sec. 4. A key ingredient for measurements of CP violation in time-dependent
analyses is the determination of the flavour of the neutral B mesons by means of tagging
algorithms, described in Sec. 5. The evaluation of instrumental asymmetries that a↵ect
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• The mixing phase of               meson oscillations 

• Using CKM unitarity it is expected to be 

• Value can be significantly modified by  
contributions from new physics  

• Work to do to reduce the uncertainty on  
the direct experimental measurements to  
have a meaningful comparison

LHC Run 1 status of 
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�s ⇡ �2�s = �2 arg[�(VtsV
⇤
tb)/(VcsV

⇤
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1 Introduction

The existence of new phenomena beyond those predicted by the Standard Model (SM),
hereafter referred to as New Physics (NP), could introduce sizeable e↵ects on CP -violating
observables. In the SM, CP violation originates from an irreducible complex phase in
the Cabibbo–Kobayashi–Maskawa (CKM) matrix that describes the mixing of the mass
and weak interaction eigenstates of the quarks [1, 2]. In decays of a B0

s meson to a CP
eigenstate, CP violation can originate from the interference of the amplitude of the decay
and that of the adjoint decay preceded by B0

s -B
0
s oscillation. It manifests itself through

a nonzero value of the phase �s = �arg (�), where the parameter � ⌘ (q/p)
�
A/A

�

describes CP violation in the interference between mixing and decay. Here, A and A
are the amplitudes for a B0

s or a B0
s meson to decay to the same final state and the

complex parameters p = hB0
s |BLi and q = hB0

s|BLi describe the relation between the
flavour and the mass eigenstates, light, L, and heavy, H. The two eigenstates have a
decay width di↵erence ��s ⌘ �L � �H and a mass di↵erence �ms ⌘ mH �mL. In the
absence of CP violation in the decay and assuming negligible CP violation in B0

s -B
0
s

mixing [3], |�| is expected to be unity. In the SM, ignoring subleading contributions, the
phase �s can be related to the CKM matrix elements Vij, such that �s ⇡ �2�s, where
�s ⌘ arg[�(VtsV ⇤

tb)/(VcsV ⇤
cb)]. Global fits to experimental data, assuming unitarity of the

CKM matrix, give a precise prediction of a small value, namely �2�s = �0.0369+0.0010
�0.0007 rad

according to the CKMfitter group [4] and �2�s = �0.0370± 0.0010 rad according to the
UTfit collaboration [5]. However, many NP models [6, 7] predict larger values for this
phase if non-SM particles were to contribute to B0

s -B
0
s oscillations, while satisfying all

existing constraints. Thus, a measurement of �s di↵erent from the SM prediction would
provide clear evidence for NP.

Due to its high yield and clean experimental signature, the most sensitive decay channel
to NP contributions is B0

s ! J/ (! µ+µ�)K+K� [8], where the kaon pair predominantly
originates from the decay of a �(1020) resonance.1 Angular momentum conservation in
the decay implies that the final state is an admixture of CP -even and CP -odd components,
with orbital angular momentum of 0 or 2, and 1, respectively. Moreover, along with
the three polarisation states of the � meson (P-wave states), there is also a CP -odd
K+K� component in an S-wave state [9]. The data can therefore be described considering
four polarisation amplitudes Ag = |Ag|e�i�g , where the indices g 2 {0, k,?, S} refer to
the longitudinal, transverse-parallel and transverse-perpendicular relative orientations
of the linear polarisation vectors of the J/ and � mesons and S to the single S-wave
amplitude, respectively. The CP -even and CP -odd components are disentangled by a
decay-time-dependent angular analysis, where the angular observables cos ✓K , cos ✓µ and
�h are defined in the helicity basis as described in Ref. [10]. The polar angle ✓K (✓µ) is the
angle between the K+ (µ+) momentum and the direction opposite to the B0

s momentum
in the K+K� (µ+µ�) centre-of-mass system and �h is the azimuthal angle between the
K+K� and µ+µ� decay planes. The �h angle is defined by a rotation from the K� side
of the K+K� plane to the µ+ side of the µ+µ� plane. The rotation is positive in the
µ+µ� direction in the B0

s rest frame.
A decay-time-dependent angular analysis also allows the determination of ��s, and

of the average B0
s decay width, �s ⌘ (�L + �H) /2. In the SM, �s and ��s can be

1The inclusion of charge-conjugate processes is implied throughout this paper, unless otherwise noted.
For simplicity, the resonance �(1020) is referred to as � in the following.
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�s = �0.021± 0.031 rad
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• Run 2 (2015 + 2016) update 
• Measurement with                               decays in a 60 MeV window around the     meson 
• Yield ~120k candidates 
• Flavour tagging performance 

• Split into six bins of m(KK) with limits 
• Full angular analysis including the B mass, decay time, decay time error and decay angles 
• Fit to all data samples simultaneously

          at LHCb 
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Table 1: Calibration parameters for the OS and SSK taggers. Where given, the first uncertainty
is statistical and the second is systematic.

Tagger OS SSK

p0 0.3890± 0.0007± 0.0028 0.4325± 0.0108± 0.0030

p1 0.849± 0.006± 0.027 0.92± 0.13± 0.02

�p0 0.0090± 0.0014 0.00± 0.03

�p1 0.014± 0.012 0.00± 0.03

h⌘i 0.360 0.417

Table 2: Overall tagging performance for B0
s ! J/ K+K�. The uncertainty on ✏tagD2 is

obtained by varying the tagging calibration parameters within their statistical and systematic
uncertainties summed in quadrature.

Category ✏tag(%) D2 ✏tagD2(%)

OS only 11.4 0.078 0.88± 0.04

SSK only 42.6 0.032 1.38± 0.30

OS & SSK 23.8 0.104 2.47± 0.15

Total 77.8 0.061 4.73± 0.34

from a kinematic fit [57] in which the D�
s ⇡

+ candidate is constrained to originate from the
PV. The decay-time e�ciency is empirically parameterised as ✏(t) = 1� 1/(1 + (at)n + b),
and R(t� t0) is the decay-time resolution model. Here qmix = +1 (�1) if the B0

s meson
has (has not) changed flavour between its production and decay, determined by comparing
the flavour-tagging decision and charge of the pion. A linear relationship between the
true and estimated mistag probabilities is assumed, as given in Eq. (5).

Approximately 70 000 same-side flavour-tagged B0
s ! D�

s ⇡
+ decays, with

D�
s ! K+K�⇡�, are selected with similar requirements as in Ref. [56]. Due to trig-

ger requirements, only candidates with pT(B0
s ) larger than 2GeV/c2 are used to perform

the calibration. Figure 8 shows the distribution of m(D�
s ⇡

+) for the selected sample.
Superimposed is the result of a fit with a model composed of a signal contribution described
by a Hypatia with tail parameters fixed to those from simulation and a combinatorial
background component modelled by an exponential function. In addition, template shapes
for several peaking backgrounds (B0

s ! D±
s K

⌥, B0 ! D�
s ⇡

+, ⇤0
b ! ⇤�

c ⇡
+, B0

s ! D⇤�
s ⇡+

and B0
s ! D�

s ⇢
+) are evaluated from simulation and included in the fit model. The

yield of the peaking backgrounds is determined from a fit to m(D�
s ⇡

+) in the mass range
5100–5600MeV/c2. Using the fit results, the yield is extrapolated to the narrower region
5300–5600MeV/c2 and fixed in the subsequent m(D�

s ⇡
+) fit, which is used to compute

sWeights for background subtraction as in the OS calibration. The B0
s ! D�

s ⇡
+ sample is

also weighted to match the background-subtracted B0
s ! J/ � sample in the distributions

of charged-track and PV multiplicities and the pT and rapidity of the B0
s meson.

To calibrate the decay-time resolution in Eq. (8), a sample of promptly produced D�
s ⇡

+

candidates is selected following the requirements defined in Ref. [58]. The procedure
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Figure 1: Distribution of the invariant mass of B0
s candidates, selected from simulated

B0
s ! J/ K+K� (green filled area), ⇤0

b ! J/ pK� (solid red line) and B0 ! J/ K+⇡� (dot-
ted blue line) decays. The distributions are weighted to correct di↵erences in the kinematics
and the resonance content between simulation and data.

In addition to combinatorial background, studies of the data in sidebands of the
m(J/ K+K�) spectrum show contributions from approximately 5200 ⇤0

b ! J/ pK�

(350 B0 ! J/ K+⇡�) decays where the proton (pion) is misidentified as a kaon. These
backgrounds lie around the B0

s signal peak in the m(J/ K+K�) distribution, as shown
in Fig. 1. These contributions are suppressed using more stringent kaon identification
requirements if the m(J/ K+K�) mass, with the kaon interpreted as a proton (pion), lies
within 15MeV/c2 around the ⇤0

b (B
0) known mass [43]. This reduces the B0 ! J/ K+⇡�

peaking background contribution to approximately 120 decays. This background is
neglected and a systematic uncertainty is assigned to account for this approximation. The
contribution due to the ⇤0

b background is 1600 ± 160, where the uncertainty includes
statistical and systematic sources. The ⇤0

b background is statistically subtracted by
inserting simulated ⇤0

b decays into the data sample with negative weights. This is done
prior to the sPlot procedure, in which the combinatorial background is subtracted in a fit
to m(J/ K+K�). Correlations between the candidate mass and the angular variables are
preserved and the simulated candidates are weighted such that the distributions of the
kinematic variables used in the fit, and their correlations, match those of data.

Figure 2(a) shows the m(J/ K+K�) distribution and the result of an unbinned
maximum-likelihood fit to the sample in the range 5200–5550MeV/c2. The sample is
divided into 24 independent subsamples, corresponding to six bins in m(K+K�) with
boundaries at 990, 1008, 1016, 1020, 1024, 1032, 1050MeV/c2, to the biased and the
unbiased trigger categories, and to the year of data taking. The probability density function
(PDF) used for the fit is independent for each of these subsamples and is composed of
a single double-sided Crystal Ball (CB) [46] function for the signal and an exponential
function for the combinatorial background. The CB tail parameters are fixed to those
obtained from simulation.

The sPlot technique relies on the variable used for background subtraction to be
uncorrelated with the variables to which the sWeights are applied. However, a correlation
between the signal mass shape with cos ✓µ is observed, due to the dependence of the
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determination of the decay-time e�ciency by 10% has negligible e↵ects.
The uncertainty on the LHCb length scale is estimated to be 0.022% [63], as determined

from metrology and track-based alignment. This translates directly into an uncertainty on
�s��d, ��s and �ms, which is non-negligible only in the case of �ms. Other parameters
are una↵ected. The precision on the track momentum scale is 0.03%. Its e↵ect largely
cancels in the computation of the decay time, leading to negligible uncertainties on all
observables.

Asymmetries between B0
s and B0

s production rates are diluted by the fast oscillation
between particle and antiparticle. They are found to have a negligible e↵ect on the fit
parameters.

No statistically significant systematic e↵ect on the results is observed when repeating
the analysis on subsets of the data, splitting by magnet polarity, trigger conditions, year
of data taking, number of primary vertices, bins of B0

s pT, pseudorapidity and decay-time
uncertainty.

10 Results

The results of the maximum-likelihood fit described in Sec. 8 are

�s = �0.083± 0.041± 0.006 rad

|�| = 1.012± 0.016± 0.006

�s � �d = �0.0041± 0.0024± 0.0015 ps�1

��s = 0.077± 0.008± 0.003 ps�1

�ms = 17.703± 0.059± 0.018 ps�1

|A?|2 = 0.2456± 0.0040± 0.0019

|A0|2 = 0.5186± 0.0029± 0.0023

�? � �0 = 2.64± 0.13± 0.10 rad

�k � �0 = 3.06+ 0.08
� 0.07 ± 0.04 rad. (15)

The S-wave fractions and phase di↵erences with respect to �? in each m(K+K�) bin
are summarized in Appendix A. The background-subtracted data distributions with fit
projections are shown in Fig. 11.

The results are in good agreement with the previous LHCb measurement. The
measurements of �s, ��s and �s � �d are the most precise to date and agree with the SM
expectations [4, 5, 18,19]. The results also indicate no CP violation in B0

s ! J/ K+K�

decays. The value of �ms is in a good agreement with the world average value [43].
Relaxing the assumption that �r is the same for all polarisation states and repeating the
fit shows no evidence for any polarisation dependence. The correlation matrix including
systematic uncertainties can be found in Table 5.

11 Combination with other results

The results presented in this paper are combined with related Run 1 and Run 2 LHCb
measurements, taking into account all statistical correlations, all systematic errors and
their correlations, and correlations between di↵erent run periods.

24

Eur. Phys. J. C 79 (2019) 706

Table 6: Correlation matrix for the results in Eq. (16) taking into account correlated systematics
between Run 1 and the 2015 and 2016 results.

�s |�| �s ��s �ms |A?|2 |A0|2 �? � �0 �k � �0
�s 1.00 0.10 �0.02 �0.03 0.02 0.01 �0.01 0.07 0.00

|�| 1.00 0.04 �0.04 �0.05 0.03 �0.02 �0.04 0.03

�s 1.00 �0.35 0.04 0.28 �0.17 0.01 0.01

��s 1.00 �0.01 �0.62 0.40 �0.05 �0.01

�ms 1.00 0.01 �0.01 0.62 0.02

|A?|2 1.00 �0.67 0.03 0.01

|A0|2 1.00 �0.06 �0.06

�? � �0 1.00 0.28

�k � �0 1.00

Table 7: Correlation matrix for the results in Eq. (17) obtained taking into account correlated
systematics between the considered analyses.

�s |�| �s ��s

�s 1.00 0.06 �0.01 �0.03

|�| 1.00 0.03 �0.02

�s 1.00 �0.17

��s 1.00

the �ms value determined in this analysis. In the combination, �H � �d is parametrised
as �s � �d ���s/2, and the value of �d is constrained to the known value. The combined
values are

�s = �0.042± 0.025 rad ,

|�| = 0.993± 0.010 ,

�s = 0.6563± 0.0021 ps�1 ,

��s = 0.0813± 0.0048 ps�1 . (17)

The correlation matrix can be found in Table 7. The correlation between �s and �d is
0.48. The values of these parameters are the most precise to date. Figure 12 shows the
68% confidence level regions in the �s vs. ��s plane for the considered analyses and the
LHCb combination. The combined value of �s is consistent with global fits to data. The
parameter |�| agrees with the hypothesis of no CP violation in the decay. The values of
�s and ��s are consistent with expectations from HQE models.

12 Conclusions

In summary, a flavour-tagged decay-time-dependent angular analysis of B0
s ! J/ K+K�

decays has been performed, using 1.9 fb�1 of pp collision data recorded by the LHCb exper-
iment during the 2015 and 2016 runs of the LHC. Approximately 117 000 signal decays are
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11.1 Combination with Run 1 B0
s ! J/ K+K�

The measurements presented in this paper are consistent with those obtained from
the analysis of the data collected by LHCb during the LHC Run 1 [26]. The Run 1
measurements are combined with the results of this analysis taking into account a
covariance matrix that includes the statistical uncertainties with their correlations, and
the systematic uncertainties with their correlations, both between the parameters in a
single run period and between the two run periods.

The sources of systematic uncertainty that are correlated between the analyses are
the applicability of the time resolution obtained from the prompt control sample on the
signal sample, the CSP factors, the correction of simulation for the angular e�ciency
determination, and the length scale. In the case of the angular e�ciency, a correlation
matrix is determined from the RMS distributions of the parameters in Run 2 and the
same matrix is taken to account for correlations between Run 1 and Run 2. For all other
sources of systematic uncertainty no correlation is assumed. For the parameters showing
asymmetric uncertainties, the larger uncertainty has been used in the combination.

It has been verified that using the average of the two asymmetric uncertainties does
not change the combination, and that completely ignoring the systematic correlations has
a negligible e↵ect. In the Run 1 measurement, �s was measured instead of �s � �d, hence
a linear transformation is taken into account in the combination, constraining �d to the
known value [31]. The combined results are

�s = �0.081± 0.032 rad ,

|�| = 0.994± 0.013 ,

�s = 0.6572± 0.0023 ps�1 ,

��s = 0.0777± 0.0062 ps�1 ,

�ms = 17.694± 0.042 ps�1 ,

|A?|2 = 0.2489± 0.0035 ,

|A0|2 = 0.5195± 0.0034 ,

�? � �0 = 2.87± 0.11 rad ,

�k � �0 = 3.153± 0.079 rad. (16)

The correlation matrix can be found in Table 6. The correlation between �s and �d is
0.39. The combined value of �s is 2.5 standard deviations from zero and agrees with
expectations based on the SM [4,5].

11.2 Combination with other LHCb �s results

The results obtained in the previous section are further combined with the recent re-
sults from B0

s ! J/ ⇡+⇡� [64] decays, and the Run 1 results from B0
s ! J/ ⇡+⇡� [27],

B0
s ! J/ K+K� for the K+K� invariant mass region above 1.05GeV/c2 [30],

B0
s !  (2S)� [28] and B0

s ! D+
s D

�
s [29] decays.

The Run 1 analysis of B0
s ! J/ ⇡+⇡� decays measured |�| and �s assuming a value

of �ms fixed to 17.768 ± 0.024 ps�1. Before the combination, this value is updated to
17.711± 0.059 ps�1 [26], and the analysis is repeated to obtain updated values of |�| and
�s. The analysis of 2015 and 2016 data, instead, measured �s, |�| and �H � �d, assuming
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Table 6: Fitted values for the physical parameters of interest with their statistical and systematic uncertainties.
Parameter Value Statistical Systematic

uncertainty uncertainty
�s [rad] �0.081 0.041 0.020
��s [ps�1] 0.0607 0.0046 0.0025
�s [ps�1] 0.6687 0.0015 0.0017
|Ak(0)|2 0.2213 0.0020 0.0022
|A0(0)|2 0.5131 0.0013 0.0034
|AS(0)|2 0.0321 0.0034 0.0044
�? [rad] 3.12 0.11 0.05
�k [rad] 3.35 0.05 0.06

�? � �S [rad] �0.25 0.05 0.01

Table 7: Fit correlations between the physical parameters of interest.
�� �s |A | | (0)|2 |A0(0)|2 |AS(0)|2 �k �? �? � �S

�s �0.080 0.016 �0.003 �0.004 �0.008 0.007 0.004 �0.007
�� 1 �0.580 0.089 0.094 0.051 0.032 0.005 0.020
�s 1 �0.127 �0.043 0.083 �0.089 �0.024 0.016

|A | | (0)|2 1 �0.341 �0.187 0.541 0.144 �0.056
|A0(0)|2 1 0.278 �0.108 �0.037 0.071
|AS(0)|2 1 �0.378 �0.126 0.245
�k 1 0.265 �0.089
�? 1 �0.001

8 Combination with 7 TeV and 8 TeV results

The measured values are consistent with those obtained in the previous analysis [10] using 19.2 fb�1 of data
collected at

p
s = 7 TeV and 8 TeV. A best linear unbiased estimator (BLUE) [41, 42] is used to combine

the current measurements with those from the previous analysis. The measured values, uncertainties, and
correlations are taken from the measurements performed at each centre-of-mass energy. The statistical
correlation between these three measurements is zero as the events are di�erent. The correlations of the
systematic uncertainties between the three measurements are estimated and tested in several categories
depending of whether the given systematic e�ect changed significantly between the measurements. The
combined results for the fit parameters and their uncertainties are given in Table 8.

The two-dimensional likelihood contours in the �s–��s plane for the ATLAS result based on 7 TeV
and 8 TeV data, the result from 13 TeV data, and the combined result are shown in Figure 8. The
statistical and systematic uncertainties are combined in quadrature and correlations are taken into account
in the construction of Gaussian contours. The correlation between the �s and ��s values determined in
combination is �0.04.

Two-dimensional likelihood contours in the �s–��s plane are shown in Figure 9 for this ATLAS result,
the result from CMS [11] using the B0

s ! J/ � decay, and the result from LHCb [12] using the
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Figure 6: (Left) Mass fit projection for the B0
s ! J/ � sample. The red line shows the total fit, the short-dashed

magenta line shows the B0
s ! J/ � signal component, the combinatorial background is shown as a blue dotted

line, the orange dash-dotted line shows the B0
d ! J/ K0⇤ component, and the green dash-dot-dot line shows the

contribution from ⇤b ! J/ pK� events. (Right) Proper decay time fit projection for the B0
s ! J/ � sample. The

red line shows the total fit while the short-dashed magenta line shows the total signal. The total background is shown
as a blue dotted line, and a long-dashed grey line shows the prompt J/ background component. Below each figure
is a ratio plot that shows the di�erence between each data point and the total fit line divided by the statistical and
systematic uncertainties summed in quadrature (�) of that point.

Table 8: Values of the physical parameters extracted in the combination of 13 TeV results with those obtained from
7 TeV and 8 TeV data.

.
Parameter Value Statistical Systematic

uncertainty uncertainty
�s [rad] �0.087 0.037 0.019
��s [ps�1] 0.0640 0.0042 0.0024
�s [ps�1] 0.6698 0.0014 0.0015
|Ak(0)|2 0.2221 0.0018 0.0022
|A0(0)|2 0.5149 0.0012 0.0031
|AS |

2 0.0343 0.0032 0.0044
�? [rad] 3.21 0.10 0.05
�k [rad] 3.36 0.05 0.08

�? � �S [rad] �0.24 0.05 0.02
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Figure 5: Normalised cone charge distributions (shown against the right axis scale), �Qjet, for B+ (B�) events shown
in red (blue) for jets, for cases of discrete charge (left), and the continuous distribution (right). Superimposed is the
distribution of the tag probability, P(B |Qjet).

Table 1: Summary of tagging performances for the di�erent flavour tagging methods on the sample of B± signal
candidates, as described in the text. Uncertainties shown are statistical only. The e�ciency (✏x) and tagging power
(Tx) are each determined by summing over the individual bins of the cone charge distribution. The e�ective dilution
(Dx) is obtained from the measured e�ciency and tagging power. For the e�ciency, e�ective dilution, and tagging
power, the corresponding uncertainty is determined by combining the appropriate uncertainties in the individual bins
of each charge distribution.

Tag method ✏x [%] Dx [%] Tx [%]

Tight muon 4.50 ± 0.01 43.8 ± 0.2 0.862 ± 0.009
Electron 1.57 ± 0.01 41.8 ± 0.2 0.274 ± 0.004
Low-pT muon 3.12 ± 0.01 29.9 ± 0.2 0.278 ± 0.006
Jet 12.04 ± 0.02 16.6 ± 0.1 0.334 ± 0.006
Total 21.23 ± 0.03 28.7 ± 0.1 1.75 ± 0.01

of the method, and the overall power of the tagging method in the sample. The e�ciency, ✏x , of an
individual tagging method is defined as the number of signal events tagged by that method divided by the
total number of signal events in the sample. The purity of a particular flavour tagging method, called the
dilution, is defined as D(Qx) = 2P(B|Qx) � 1. The tagging power of a particular tagging method is then
defined as Tx =

Õ
i ✏x i · D

2
(Qx i), where the sum is over the probability distribution in intervals of the

cone charge variable. An e�ective dilution, Dx =
p

Tx/✏x , is calculated from the measured tagging power
and e�ciency.

By definition, there is no overlap between lepton-tagged and jet-charge-tagged events. The overlap between
events with a muon (either Tight or Low-pT) and events with an electron corresponds to around 0.6% of all
tagged events. In the case of multiply tagged events, the OST method is selected in order: Tight muon,
electron, Low-pT muon, jet. However, the ordering of muon- and electron-tagged events is shown to have
negligible impact on the final results. A summary of the tagging performance for each method and the
overall performance on the B± sample is given in Table 1.
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Table 6: Fitted values for the physical parameters of interest with their statistical and systematic uncertainties.
Parameter Value Statistical Systematic

uncertainty uncertainty
�s [rad] �0.081 0.041 0.020
��s [ps�1] 0.0607 0.0046 0.0025
�s [ps�1] 0.6687 0.0015 0.0017
|Ak(0)|2 0.2213 0.0020 0.0022
|A0(0)|2 0.5131 0.0013 0.0034
|AS(0)|2 0.0321 0.0034 0.0044
�? [rad] 3.12 0.11 0.05
�k [rad] 3.35 0.05 0.06

�? � �S [rad] �0.25 0.05 0.01

Table 7: Fit correlations between the physical parameters of interest.
�� �s |A | | (0)|2 |A0(0)|2 |AS(0)|2 �k �? �? � �S

�s �0.080 0.016 �0.003 �0.004 �0.008 0.007 0.004 �0.007
�� 1 �0.580 0.089 0.094 0.051 0.032 0.005 0.020
�s 1 �0.127 �0.043 0.083 �0.089 �0.024 0.016

|A | | (0)|2 1 �0.341 �0.187 0.541 0.144 �0.056
|A0(0)|2 1 0.278 �0.108 �0.037 0.071
|AS(0)|2 1 �0.378 �0.126 0.245
�k 1 0.265 �0.089
�? 1 �0.001

8 Combination with 7 TeV and 8 TeV results

The measured values are consistent with those obtained in the previous analysis [10] using 19.2 fb�1 of data
collected at

p
s = 7 TeV and 8 TeV. A best linear unbiased estimator (BLUE) [41, 42] is used to combine

the current measurements with those from the previous analysis. The measured values, uncertainties, and
correlations are taken from the measurements performed at each centre-of-mass energy. The statistical
correlation between these three measurements is zero as the events are di�erent. The correlations of the
systematic uncertainties between the three measurements are estimated and tested in several categories
depending of whether the given systematic e�ect changed significantly between the measurements. The
combined results for the fit parameters and their uncertainties are given in Table 8.

The two-dimensional likelihood contours in the �s–��s plane for the ATLAS result based on 7 TeV
and 8 TeV data, the result from 13 TeV data, and the combined result are shown in Figure 8. The
statistical and systematic uncertainties are combined in quadrature and correlations are taken into account
in the construction of Gaussian contours. The correlation between the �s and ��s values determined in
combination is �0.04.

Two-dimensional likelihood contours in the �s–��s plane are shown in Figure 9 for this ATLAS result,
the result from CMS [11] using the B0

s ! J/ � decay, and the result from LHCb [12] using the
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Figure 6: (Left) Mass fit projection for the B0
s ! J/ � sample. The red line shows the total fit, the short-dashed

magenta line shows the B0
s ! J/ � signal component, the combinatorial background is shown as a blue dotted

line, the orange dash-dotted line shows the B0
d ! J/ K0⇤ component, and the green dash-dot-dot line shows the

contribution from ⇤b ! J/ pK� events. (Right) Proper decay time fit projection for the B0
s ! J/ � sample. The

red line shows the total fit while the short-dashed magenta line shows the total signal. The total background is shown
as a blue dotted line, and a long-dashed grey line shows the prompt J/ background component. Below each figure
is a ratio plot that shows the di�erence between each data point and the total fit line divided by the statistical and
systematic uncertainties summed in quadrature (�) of that point.

Table 8: Values of the physical parameters extracted in the combination of 13 TeV results with those obtained from
7 TeV and 8 TeV data.

.
Parameter Value Statistical Systematic

uncertainty uncertainty
�s [rad] �0.087 0.037 0.019
��s [ps�1] 0.0640 0.0042 0.0024
�s [ps�1] 0.6698 0.0014 0.0015
|Ak(0)|2 0.2221 0.0018 0.0022
|A0(0)|2 0.5149 0.0012 0.0031
|AS |

2 0.0343 0.0032 0.0044
�? [rad] 3.21 0.10 0.05
�k [rad] 3.36 0.05 0.08

�? � �S [rad] �0.24 0.05 0.02
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Figure 8: Contours of 68% confidence level in the �s–��s plane, showing ATLAS results for 7 TeV and 8 TeV data
(blue dashed-dotted curve), for 13 TeV data (green dashed curve) and for 13 TeV data combined with 7 TeV and 8 TeV
(red solid curve) data. The Standard Model prediction [2, 5] is shown as a very thin black rectangle. In all contours
the statistical and systematic uncertainties are combined in quadrature and correlations are taken into account.

B0
s ! J/ K+K� decay. The contours are obtained by interpreting each result as a two-dimensional

Gaussian probability distribution in the �s–��s plane. All results are consistent with each other and with
the SM [2, 5].
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�s = �0.087± 0.037± 0.019 rad
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• Recent Run 2 update from ATLAS 
• Closely follows the Run 1 analysis 
• Huge signal yield: 
• Flavour tagging power 1.75%  

• Measured value of      compatible  
with previous measurements 

• Some tension for the value of   
• Combine with the Run 1 analysis 
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Figure 5: Normalised cone charge distributions (shown against the right axis scale), �Qjet, for B+ (B�) events shown
in red (blue) for jets, for cases of discrete charge (left), and the continuous distribution (right). Superimposed is the
distribution of the tag probability, P(B |Qjet).

Table 1: Summary of tagging performances for the di�erent flavour tagging methods on the sample of B± signal
candidates, as described in the text. Uncertainties shown are statistical only. The e�ciency (✏x) and tagging power
(Tx) are each determined by summing over the individual bins of the cone charge distribution. The e�ective dilution
(Dx) is obtained from the measured e�ciency and tagging power. For the e�ciency, e�ective dilution, and tagging
power, the corresponding uncertainty is determined by combining the appropriate uncertainties in the individual bins
of each charge distribution.

Tag method ✏x [%] Dx [%] Tx [%]

Tight muon 4.50 ± 0.01 43.8 ± 0.2 0.862 ± 0.009
Electron 1.57 ± 0.01 41.8 ± 0.2 0.274 ± 0.004
Low-pT muon 3.12 ± 0.01 29.9 ± 0.2 0.278 ± 0.006
Jet 12.04 ± 0.02 16.6 ± 0.1 0.334 ± 0.006
Total 21.23 ± 0.03 28.7 ± 0.1 1.75 ± 0.01

of the method, and the overall power of the tagging method in the sample. The e�ciency, ✏x , of an
individual tagging method is defined as the number of signal events tagged by that method divided by the
total number of signal events in the sample. The purity of a particular flavour tagging method, called the
dilution, is defined as D(Qx) = 2P(B|Qx) � 1. The tagging power of a particular tagging method is then
defined as Tx =

Õ
i ✏x i · D

2
(Qx i), where the sum is over the probability distribution in intervals of the

cone charge variable. An e�ective dilution, Dx =
p

Tx/✏x , is calculated from the measured tagging power
and e�ciency.

By definition, there is no overlap between lepton-tagged and jet-charge-tagged events. The overlap between
events with a muon (either Tight or Low-pT) and events with an electron corresponds to around 0.6% of all
tagged events. In the case of multiply tagged events, the OST method is selected in order: Tight muon,
electron, Low-pT muon, jet. However, the ordering of muon- and electron-tagged events is shown to have
negligible impact on the final results. A summary of the tagging performance for each method and the
overall performance on the B± sample is given in Table 1.
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<latexit sha1_base64="+E4tZQfuGDhICEqONcq9nnrHjgM=">AAAB7HicbVC7TgMxENwLrxBeB5RQWERIVNEdDdBF0FAmEpdESk6Rz/ElJj77ZPuQolP+gYYCEC3fwHfQ0fEpOI8CEkZaaTSzq92dKOVMG8/7cgorq2vrG8XN0tb2zu6eu3/Q0DJThAZEcqlaEdaUM0EDwwynrVRRnEScNqPhzcRvPlClmRR3ZpTSMMF9wWJGsLFSo5MOWFd33bJX8aZAy8Sfk3L1+KP+DQC1rvvZ6UmSJVQYwrHWbd9LTZhjZRjhdFzqZJqmmAxxn7YtFTihOsyn147RqVV6KJbKljBoqv6eyHGi9SiJbGeCzUAvehPxP6+dmfgyzJlIM0MFmS2KM46MRJPXUY8pSgwfWYKJYvZWRAZYYWJsQCUbgr/48jIJzitXFb9uw7iGGYpwBCdwBj5cQBVuoQYBELiHR3iGF0c6T86r8zZrLTjzmUP4A+f9BxgtkTo=</latexit><latexit sha1_base64="9WX6VyqQKLRRoAdoGu/4vxtxOP8=">AAAB7HicbVC7SgNBFL3rM8ZX1FKRwSBYhV0btQvaWCbgJoFkCbOT2WTM7MwyMyuEJaW9jYWKrd+Q77DzG/wJJ49CEw9cOJxzL/feEyacaeO6X87S8srq2npuI7+5tb2zW9jbr2mZKkJ9IrlUjRBrypmgvmGG00aiKI5DTuth/2bs1x+o0kyKOzNIaBDjrmARI9hYqdZKeqyt24WiW3InQIvEm5Fi+WhU/X48HlXahc9WR5I0psIQjrVuem5iggwrwwinw3wr1TTBpI+7tGmpwDHVQTa5dohOrdJBkVS2hEET9fdEhmOtB3FoO2NsenreG4v/ec3URJdBxkSSGirIdFGUcmQkGr+OOkxRYvjAEkwUs7ci0sMKE2MDytsQvPmXF4l/XroqeVUbxjVMkYNDOIEz8OACynALFfCBwD08wQu8OtJ5dt6c92nrkjObOYA/cD5+APT9kqA=</latexit><latexit sha1_base64="9WX6VyqQKLRRoAdoGu/4vxtxOP8=">AAAB7HicbVC7SgNBFL3rM8ZX1FKRwSBYhV0btQvaWCbgJoFkCbOT2WTM7MwyMyuEJaW9jYWKrd+Q77DzG/wJJ49CEw9cOJxzL/feEyacaeO6X87S8srq2npuI7+5tb2zW9jbr2mZKkJ9IrlUjRBrypmgvmGG00aiKI5DTuth/2bs1x+o0kyKOzNIaBDjrmARI9hYqdZKeqyt24WiW3InQIvEm5Fi+WhU/X48HlXahc9WR5I0psIQjrVuem5iggwrwwinw3wr1TTBpI+7tGmpwDHVQTa5dohOrdJBkVS2hEET9fdEhmOtB3FoO2NsenreG4v/ec3URJdBxkSSGirIdFGUcmQkGr+OOkxRYvjAEkwUs7ci0sMKE2MDytsQvPmXF4l/XroqeVUbxjVMkYNDOIEz8OACynALFfCBwD08wQu8OtJ5dt6c92nrkjObOYA/cD5+APT9kqA=</latexit><latexit sha1_base64="8ncbxCwYPLLZyf/S2U69NeWZ//A=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiiex6UW9ELx4xcYEENqRbulDptk3bNSEb/oMXD2q8+oO8+W8ssAcFXzLJy3szmZkXK86M9f1vr7S2vrG5Vd6u7Ozu7R9UD49aRmaa0JBILnUnxoZyJmhomeW0ozTFacxpOx7fzvz2E9WGSfFgJ4pGKR4KljCCrZNaPTVifdOv1vy6PwdaJUFBalCg2a9+9QaSZCkVlnBsTDfwlY1yrC0jnE4rvcxQhckYD2nXUYFTaqJ8fu0UnTllgBKpXQmL5urviRynxkzS2HWm2I7MsjcT//O6mU2uopwJlVkqyGJRknFkJZq9jgZMU2L5xBFMNHO3IjLCGhPrAqq4EILll1dJeFG/rgf3fq1xU6RRhhM4hXMI4BIacAdNCIHAIzzDK7x50nvx3r2PRWvJK2aO4Q+8zx8KeI71</latexit>

�s
<latexit sha1_base64="rWOLb8qESsK78OtqOmVTfA2OYDU=">AAACC3icdVBNS8MwGE79nPNr6tFLcAgepLQymL0NvXicYN2gKyPN0i0sTUuSCqP0B3jxr3jxoOLVP+DNf2PaVVHRBxKePO/zJm+eIGFUKst6NxYWl5ZXVmtr9fWNza3txs7utYxTgYmLYxaLfoAkYZQTV1HFSD8RBEUBI71gel7UezdESBrzKzVLiB+hMachxUhpadhoZoPyEk+MAz+zTMc5/tryQTKhQ5lrV3EsAOek3aqIY0PbtEo0QYXusPE2GMU4jQhXmCEpPdtKlJ8hoShmJK8PUkkShKdoTDxNOYqI9LNyjhweamUEw1joxRUs1e8dGYqknEWBdkZITeTvWiH+VfNSFZ76GeVJqgjH84fClEEVwyIZOKKCYMVmmiAsqJ4V4gkSCCudX12H8PlT+D9xT0zHtC9bzc5ZlUYN7IMDcARs0AYdcAG6wAUY3IJ78AiejDvjwXg2XubWBaPq2QM/YLx+ACb5mgU=</latexit><latexit sha1_base64="rWOLb8qESsK78OtqOmVTfA2OYDU=">AAACC3icdVBNS8MwGE79nPNr6tFLcAgepLQymL0NvXicYN2gKyPN0i0sTUuSCqP0B3jxr3jxoOLVP+DNf2PaVVHRBxKePO/zJm+eIGFUKst6NxYWl5ZXVmtr9fWNza3txs7utYxTgYmLYxaLfoAkYZQTV1HFSD8RBEUBI71gel7UezdESBrzKzVLiB+hMachxUhpadhoZoPyEk+MAz+zTMc5/tryQTKhQ5lrV3EsAOek3aqIY0PbtEo0QYXusPE2GMU4jQhXmCEpPdtKlJ8hoShmJK8PUkkShKdoTDxNOYqI9LNyjhweamUEw1joxRUs1e8dGYqknEWBdkZITeTvWiH+VfNSFZ76GeVJqgjH84fClEEVwyIZOKKCYMVmmiAsqJ4V4gkSCCudX12H8PlT+D9xT0zHtC9bzc5ZlUYN7IMDcARs0AYdcAG6wAUY3IJ78AiejDvjwXg2XubWBaPq2QM/YLx+ACb5mgU=</latexit><latexit sha1_base64="rWOLb8qESsK78OtqOmVTfA2OYDU=">AAACC3icdVBNS8MwGE79nPNr6tFLcAgepLQymL0NvXicYN2gKyPN0i0sTUuSCqP0B3jxr3jxoOLVP+DNf2PaVVHRBxKePO/zJm+eIGFUKst6NxYWl5ZXVmtr9fWNza3txs7utYxTgYmLYxaLfoAkYZQTV1HFSD8RBEUBI71gel7UezdESBrzKzVLiB+hMachxUhpadhoZoPyEk+MAz+zTMc5/tryQTKhQ5lrV3EsAOek3aqIY0PbtEo0QYXusPE2GMU4jQhXmCEpPdtKlJ8hoShmJK8PUkkShKdoTDxNOYqI9LNyjhweamUEw1joxRUs1e8dGYqknEWBdkZITeTvWiH+VfNSFZ76GeVJqgjH84fClEEVwyIZOKKCYMVmmiAsqJ4V4gkSCCudX12H8PlT+D9xT0zHtC9bzc5ZlUYN7IMDcARs0AYdcAG6wAUY3IJ78AiejDvjwXg2XubWBaPq2QM/YLx+ACb5mgU=</latexit><latexit sha1_base64="rWOLb8qESsK78OtqOmVTfA2OYDU=">AAACC3icdVBNS8MwGE79nPNr6tFLcAgepLQymL0NvXicYN2gKyPN0i0sTUuSCqP0B3jxr3jxoOLVP+DNf2PaVVHRBxKePO/zJm+eIGFUKst6NxYWl5ZXVmtr9fWNza3txs7utYxTgYmLYxaLfoAkYZQTV1HFSD8RBEUBI71gel7UezdESBrzKzVLiB+hMachxUhpadhoZoPyEk+MAz+zTMc5/tryQTKhQ5lrV3EsAOek3aqIY0PbtEo0QYXusPE2GMU4jQhXmCEpPdtKlJ8hoShmJK8PUkkShKdoTDxNOYqI9LNyjhweamUEw1joxRUs1e8dGYqknEWBdkZITeTvWiH+VfNSFZ76GeVJqgjH84fClEEVwyIZOKKCYMVmmiAsqJ4V4gkSCCudX12H8PlT+D9xT0zHtC9bzc5ZlUYN7IMDcARs0AYdcAG6wAUY3IJ78AiejDvjwXg2XubWBaPq2QM/YLx+ACb5mgU=</latexit>
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<latexit sha1_base64="VlpbPwY3PaIxdHCMzlLXM4MT3XM="></latexit><latexit sha1_base64="VlpbPwY3PaIxdHCMzlLXM4MT3XM="></latexit><latexit sha1_base64="VlpbPwY3PaIxdHCMzlLXM4MT3XM="></latexit><latexit sha1_base64="VlpbPwY3PaIxdHCMzlLXM4MT3XM="></latexit>

arXiv:2001.07115 [hep-ex]

�s
<latexit sha1_base64="5SwjdM6JmNQz4CZeEvMCTCc/Iss=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiBz1WMLbShjLZbtulu5uwuxFK6K/w4kHFq3/Hm//GTZuDVh8MPN6bYWZelHCmjed9OaWl5ZXVtfJ6ZWNza3unurt3r+NUERqQmMeqHaGmnEkaGGY4bSeKoog4bUXjq9xvPVKlWSzvzCShocChZANG0FjpoXuNQmBPV3rVmlf3ZnD/Er8gNSjQ7FU/u/2YpIJKQzhq3fG9xIQZKsMIp9NKN9U0QTLGIe1YKlFQHWazg6fukVX67iBWtqRxZ+rPiQyF1hMR2U6BZqQXvVz8z+ukZnAeZkwmqaGSzBcNUu6a2M2/d/tMUWL4xBIkitlbXTJChcTYjPIQ/MWX/5LgpH5R929Pa43LIo0yHMAhHIMPZ9CAG2hCAAQEPMELvDrKeXbenPd5a8kpZvbhF5yPb4Xjj8M=</latexit><latexit sha1_base64="5SwjdM6JmNQz4CZeEvMCTCc/Iss=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiBz1WMLbShjLZbtulu5uwuxFK6K/w4kHFq3/Hm//GTZuDVh8MPN6bYWZelHCmjed9OaWl5ZXVtfJ6ZWNza3unurt3r+NUERqQmMeqHaGmnEkaGGY4bSeKoog4bUXjq9xvPVKlWSzvzCShocChZANG0FjpoXuNQmBPV3rVmlf3ZnD/Er8gNSjQ7FU/u/2YpIJKQzhq3fG9xIQZKsMIp9NKN9U0QTLGIe1YKlFQHWazg6fukVX67iBWtqRxZ+rPiQyF1hMR2U6BZqQXvVz8z+ukZnAeZkwmqaGSzBcNUu6a2M2/d/tMUWL4xBIkitlbXTJChcTYjPIQ/MWX/5LgpH5R929Pa43LIo0yHMAhHIMPZ9CAG2hCAAQEPMELvDrKeXbenPd5a8kpZvbhF5yPb4Xjj8M=</latexit><latexit sha1_base64="5SwjdM6JmNQz4CZeEvMCTCc/Iss=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiBz1WMLbShjLZbtulu5uwuxFK6K/w4kHFq3/Hm//GTZuDVh8MPN6bYWZelHCmjed9OaWl5ZXVtfJ6ZWNza3unurt3r+NUERqQmMeqHaGmnEkaGGY4bSeKoog4bUXjq9xvPVKlWSzvzCShocChZANG0FjpoXuNQmBPV3rVmlf3ZnD/Er8gNSjQ7FU/u/2YpIJKQzhq3fG9xIQZKsMIp9NKN9U0QTLGIe1YKlFQHWazg6fukVX67iBWtqRxZ+rPiQyF1hMR2U6BZqQXvVz8z+ukZnAeZkwmqaGSzBcNUu6a2M2/d/tMUWL4xBIkitlbXTJChcTYjPIQ/MWX/5LgpH5R929Pa43LIo0yHMAhHIMPZ9CAG2hCAAQEPMELvDrKeXbenPd5a8kpZvbhF5yPb4Xjj8M=</latexit><latexit sha1_base64="5SwjdM6JmNQz4CZeEvMCTCc/Iss=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiBz1WMLbShjLZbtulu5uwuxFK6K/w4kHFq3/Hm//GTZuDVh8MPN6bYWZelHCmjed9OaWl5ZXVtfJ6ZWNza3unurt3r+NUERqQmMeqHaGmnEkaGGY4bSeKoog4bUXjq9xvPVKlWSzvzCShocChZANG0FjpoXuNQmBPV3rVmlf3ZnD/Er8gNSjQ7FU/u/2YpIJKQzhq3fG9xIQZKsMIp9NKN9U0QTLGIe1YKlFQHWazg6fukVX67iBWtqRxZ+rPiQyF1hMR2U6BZqQXvVz8z+ukZnAeZkwmqaGSzBcNUu6a2M2/d/tMUWL4xBIkitlbXTJChcTYjPIQ/MWX/5LgpH5R929Pa43LIo0yHMAhHIMPZ9CAG2hCAAQEPMELvDrKeXbenPd5a8kpZvbhF5yPb4Xjj8M=</latexit>

For more details see talk by Maria Smizanska

https://arxiv.org/abs/2001.07115
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�s
<latexit sha1_base64="rWOLb8qESsK78OtqOmVTfA2OYDU=">AAACC3icdVBNS8MwGE79nPNr6tFLcAgepLQymL0NvXicYN2gKyPN0i0sTUuSCqP0B3jxr3jxoOLVP+DNf2PaVVHRBxKePO/zJm+eIGFUKst6NxYWl5ZXVmtr9fWNza3txs7utYxTgYmLYxaLfoAkYZQTV1HFSD8RBEUBI71gel7UezdESBrzKzVLiB+hMachxUhpadhoZoPyEk+MAz+zTMc5/tryQTKhQ5lrV3EsAOek3aqIY0PbtEo0QYXusPE2GMU4jQhXmCEpPdtKlJ8hoShmJK8PUkkShKdoTDxNOYqI9LNyjhweamUEw1joxRUs1e8dGYqknEWBdkZITeTvWiH+VfNSFZ76GeVJqgjH84fClEEVwyIZOKKCYMVmmiAsqJ4V4gkSCCudX12H8PlT+D9xT0zHtC9bzc5ZlUYN7IMDcARs0AYdcAG6wAUY3IJ78AiejDvjwXg2XubWBaPq2QM/YLx+ACb5mgU=</latexit><latexit sha1_base64="rWOLb8qESsK78OtqOmVTfA2OYDU=">AAACC3icdVBNS8MwGE79nPNr6tFLcAgepLQymL0NvXicYN2gKyPN0i0sTUuSCqP0B3jxr3jxoOLVP+DNf2PaVVHRBxKePO/zJm+eIGFUKst6NxYWl5ZXVmtr9fWNza3txs7utYxTgYmLYxaLfoAkYZQTV1HFSD8RBEUBI71gel7UezdESBrzKzVLiB+hMachxUhpadhoZoPyEk+MAz+zTMc5/tryQTKhQ5lrV3EsAOek3aqIY0PbtEo0QYXusPE2GMU4jQhXmCEpPdtKlJ8hoShmJK8PUkkShKdoTDxNOYqI9LNyjhweamUEw1joxRUs1e8dGYqknEWBdkZITeTvWiH+VfNSFZ76GeVJqgjH84fClEEVwyIZOKKCYMVmmiAsqJ4V4gkSCCudX12H8PlT+D9xT0zHtC9bzc5ZlUYN7IMDcARs0AYdcAG6wAUY3IJ78AiejDvjwXg2XubWBaPq2QM/YLx+ACb5mgU=</latexit><latexit sha1_base64="rWOLb8qESsK78OtqOmVTfA2OYDU=">AAACC3icdVBNS8MwGE79nPNr6tFLcAgepLQymL0NvXicYN2gKyPN0i0sTUuSCqP0B3jxr3jxoOLVP+DNf2PaVVHRBxKePO/zJm+eIGFUKst6NxYWl5ZXVmtr9fWNza3txs7utYxTgYmLYxaLfoAkYZQTV1HFSD8RBEUBI71gel7UezdESBrzKzVLiB+hMachxUhpadhoZoPyEk+MAz+zTMc5/tryQTKhQ5lrV3EsAOek3aqIY0PbtEo0QYXusPE2GMU4jQhXmCEpPdtKlJ8hoShmJK8PUkkShKdoTDxNOYqI9LNyjhweamUEw1joxRUs1e8dGYqknEWBdkZITeTvWiH+VfNSFZ76GeVJqgjH84fClEEVwyIZOKKCYMVmmiAsqJ4V4gkSCCudX12H8PlT+D9xT0zHtC9bzc5ZlUYN7IMDcARs0AYdcAG6wAUY3IJ78AiejDvjwXg2XubWBaPq2QM/YLx+ACb5mgU=</latexit><latexit sha1_base64="rWOLb8qESsK78OtqOmVTfA2OYDU=">AAACC3icdVBNS8MwGE79nPNr6tFLcAgepLQymL0NvXicYN2gKyPN0i0sTUuSCqP0B3jxr3jxoOLVP+DNf2PaVVHRBxKePO/zJm+eIGFUKst6NxYWl5ZXVmtr9fWNza3txs7utYxTgYmLYxaLfoAkYZQTV1HFSD8RBEUBI71gel7UezdESBrzKzVLiB+hMachxUhpadhoZoPyEk+MAz+zTMc5/tryQTKhQ5lrV3EsAOek3aqIY0PbtEo0QYXusPE2GMU4jQhXmCEpPdtKlJ8hoShmJK8PUkkShKdoTDxNOYqI9LNyjhweamUEw1joxRUs1e8dGYqknEWBdkZITeTvWiH+VfNSFZ76GeVJqgjH84fClEEVwyIZOKKCYMVmmiAsqJ4V4gkSCCudX12H8PlT+D9xT0zHtC9bzc5ZlUYN7IMDcARs0AYdcAG6wAUY3IJ78AiejDvjwXg2XubWBaPq2QM/YLx+ACb5mgU=</latexit>

�s = �0.055± 0.021 rad
<latexit sha1_base64="DjD0j+FWTOFX22vRgOYvhGqsf8Q=">AAACDXicbZDNSsNAFIUn9a/Wv6hLN4Ol4EJLUizqQii6cVnB2EITwmQyaYfOJGFmIpTQJ3Djq7hxoeLWvTvfxmmbhbYeGPg4917u3BOkjEplWd9GaWl5ZXWtvF7Z2Nza3jF39+5lkglMHJywRHQDJAmjMXEUVYx0U0EQDxjpBMPrSb3zQISkSXynRinxOOrHNKIYKW35Zs1NB9SX8BKeWHWr2YRuyqGmhu0ew9wVHAoUjn2zqr2p4CLYBVRBobZvfrlhgjNOYoUZkrJnW6nyciQUxYyMK24mSYrwEPVJT2OMOJFePj1nDGvaCWGUCP1iBafu74kccSlHPNCdHKmBnK9NzP9qvUxF515O4zRTJMazRVHGoErgJBsYUkGwYiMNCAuq/wrxAAmElU6wokOw509eBKdRv6jbt6fV1lWRRhkcgENwBGxwBlrgBrSBAzB4BM/gFbwZT8aL8W58zFpLRjGzD/7I+PwBLKCYng==</latexit><latexit sha1_base64="DjD0j+FWTOFX22vRgOYvhGqsf8Q=">AAACDXicbZDNSsNAFIUn9a/Wv6hLN4Ol4EJLUizqQii6cVnB2EITwmQyaYfOJGFmIpTQJ3Djq7hxoeLWvTvfxmmbhbYeGPg4917u3BOkjEplWd9GaWl5ZXWtvF7Z2Nza3jF39+5lkglMHJywRHQDJAmjMXEUVYx0U0EQDxjpBMPrSb3zQISkSXynRinxOOrHNKIYKW35Zs1NB9SX8BKeWHWr2YRuyqGmhu0ew9wVHAoUjn2zqr2p4CLYBVRBobZvfrlhgjNOYoUZkrJnW6nyciQUxYyMK24mSYrwEPVJT2OMOJFePj1nDGvaCWGUCP1iBafu74kccSlHPNCdHKmBnK9NzP9qvUxF515O4zRTJMazRVHGoErgJBsYUkGwYiMNCAuq/wrxAAmElU6wokOw509eBKdRv6jbt6fV1lWRRhkcgENwBGxwBlrgBrSBAzB4BM/gFbwZT8aL8W58zFpLRjGzD/7I+PwBLKCYng==</latexit><latexit sha1_base64="DjD0j+FWTOFX22vRgOYvhGqsf8Q=">AAACDXicbZDNSsNAFIUn9a/Wv6hLN4Ol4EJLUizqQii6cVnB2EITwmQyaYfOJGFmIpTQJ3Djq7hxoeLWvTvfxmmbhbYeGPg4917u3BOkjEplWd9GaWl5ZXWtvF7Z2Nza3jF39+5lkglMHJywRHQDJAmjMXEUVYx0U0EQDxjpBMPrSb3zQISkSXynRinxOOrHNKIYKW35Zs1NB9SX8BKeWHWr2YRuyqGmhu0ew9wVHAoUjn2zqr2p4CLYBVRBobZvfrlhgjNOYoUZkrJnW6nyciQUxYyMK24mSYrwEPVJT2OMOJFePj1nDGvaCWGUCP1iBafu74kccSlHPNCdHKmBnK9NzP9qvUxF515O4zRTJMazRVHGoErgJBsYUkGwYiMNCAuq/wrxAAmElU6wokOw509eBKdRv6jbt6fV1lWRRhkcgENwBGxwBlrgBrSBAzB4BM/gFbwZT8aL8W58zFpLRjGzD/7I+PwBLKCYng==</latexit><latexit sha1_base64="DjD0j+FWTOFX22vRgOYvhGqsf8Q=">AAACDXicbZDNSsNAFIUn9a/Wv6hLN4Ol4EJLUizqQii6cVnB2EITwmQyaYfOJGFmIpTQJ3Djq7hxoeLWvTvfxmmbhbYeGPg4917u3BOkjEplWd9GaWl5ZXWtvF7Z2Nza3jF39+5lkglMHJywRHQDJAmjMXEUVYx0U0EQDxjpBMPrSb3zQISkSXynRinxOOrHNKIYKW35Zs1NB9SX8BKeWHWr2YRuyqGmhu0ew9wVHAoUjn2zqr2p4CLYBVRBobZvfrlhgjNOYoUZkrJnW6nyciQUxYyMK24mSYrwEPVJT2OMOJFePj1nDGvaCWGUCP1iBafu74kccSlHPNCdHKmBnK9NzP9qvUxF515O4zRTJMazRVHGoErgJBsYUkGwYiMNCAuq/wrxAAmElU6wokOw509eBKdRv6jbt6fV1lWRRhkcgENwBGxwBlrgBrSBAzB4BM/gFbwZT8aL8W58zFpLRjGzD/7I+PwBLKCYng==</latexit>

�s = �0.021± 0.031 rad
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• Update from Spring 2020 
• Analysis of the 2017-2018  

Run 2 data sample 
• Multidimensional fit to B  

mass, decay time (error), 
decay angles etc 

• Tagging power increased 
from ~1% (Run 1) to 
~10% for 2017/2018 

• Measurements in good  
agreement with previous  
results
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Parameter Fit result Stat. uncer. Syst. uncer.
fs [ rad] �0.011 ±0.050 ±0.010
DGs [ps�1] 0.114 ±0.014 ±0.007
Dms [}ps�1] 17.51 + 0.10

� 0.09 ±0.02
|l| 0.972 ±0.026 ±0.008
Gs [ps�1] 0.6531 ±0.0042 ±0.0024
|A0|2 0.5350 ±0.0047 ±0.0048
|A?|2 0.2337 ±0.0063 ±0.0044
|AS|2 0.0221 + 0.0077

� 0.0072 ±0.0097
dk [ rad] 3.18 ±0.12 ±0.03
d? [ rad] 2.77 ±0.16 ±0.04
dS? [ rad] 0.221 + 0.083

� 0.070 ±0.043
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• Update from Spring 2020 
• Analysis of the 2017-2018  

Run 2 data sample 
• Multidimensional fit to B  

mass, decay time (error), 
decay angles etc 

• Tagging power increased 
from ~1% (Run 1) to 
~10% for 2017/2018 

• Measurements in good  
agreement with previous  
results 

• Combine with Run 1  
results

at CMS  
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Parameter Fit result Stat. uncer. Syst. uncer.
fs [ rad] �0.011 ±0.050 ±0.010
DGs [ps�1] 0.114 ±0.014 ±0.007
Dms [}ps�1] 17.51 + 0.10

� 0.09 ±0.02
|l| 0.972 ±0.026 ±0.008
Gs [ps�1] 0.6531 ±0.0042 ±0.0024
|A0|2 0.5350 ±0.0047 ±0.0048
|A?|2 0.2337 ±0.0063 ±0.0044
|AS|2 0.0221 + 0.0077

� 0.0072 ±0.0097
dk [ rad] 3.18 ±0.12 ±0.03
d? [ rad] 2.77 ±0.16 ±0.04
dS? [ rad] 0.221 + 0.083

� 0.070 ±0.043
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�s = �0.021± 0.045 rad
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• I can’t cover everything - so try to focus on results since LHCP 2019 

• Unitary triangle(s) 
•   

• Baryon CPV searches 
•   

• Charmless B meson decays 
•  
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• Baryon CPV expected but, as yet,  
unobserved 

• Several searches in the last years  
•   
• No evidence of CP violation observed 

with Run 1 data

CPV in B baryons
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• Evidence for CPV seen at   

• Run 1 data 
• Update needed!

Phys. Lett. B784 (2018) 124, Nature Phys. 13 (2017) 391–396(2017), Eur. Phys. J. C79 (2019) 745
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• LHCb analysis with              of data from Run 1 and 2 (2011-2017) 
• Four times more signal decays than previous analysis 
• Signal yield around 27600 candidates 
• Triple product asymmetries and unbinned energy test  

methods used

CPV search in                           decays
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The scalar triple products are defined as C bT ⌘ ~pp ·
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~p⇡�
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⌘
and

C bT ⌘ ~pp ·
⇣
~p⇡+

fast
⇥ ~p⇡�

⌘
, for ⇤0

b and ⇤0
b respectively. Hereinafter ⇡�

fast (⇡�
slow) refers to

the faster (slower) of two negative pions in the ⇤0
b rest frame. Following these definitions,

four statistically independent subsamples are considered, labeled with I for C bT > 0, II
for C bT < 0, III for �C bT > 0 and IV for �C bT < 0. Samples I and III are related by
a CP transformation, as are samples II and IV. Samples I and II are related by a P
transformation, as are samples III and IV. Both CP - and P -violating e↵ects appear as
di↵erences between the triple product observables related by CP and P transformations.
The bT operator reverses momentum and spin three-vectors [26, 27]. The quantities C bT
and C bT are odd under this operator. This enables studies of the P -odd CP violation,

which occurs via interference of the bT -even and bT -odd amplitudes with di↵erent CP -odd
(‘weak’) phases [9, 25–27].

The TPA are defined as

AbT =
N(C bT > 0)�N(C bT < 0)

N(C bT > 0) +N(C bT < 0)
, AbT =

N(�C bT > 0)�N(�C bT < 0)

N(�C bT > 0) +N(�C bT < 0)
, (1)

where N and N are the yields of ⇤0
b and ⇤

0
b decays, respectively. The CP - and P -violating

asymmetries are then defined as
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bT -odd
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, a

bT -odd
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1
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AbT + AbT

�
. (2)

Two types of asymmetries are determined from data. The first are localized in the
phase space in order to enhance sensitivity to local e↵ects and the second are integrated
over the whole phase space. By construction, such asymmetries are largely insensitive to
particle-antiparticle production and detector-induced asymmetries [28].

The previous LHCb result [5] showed evidence for a dependence of the CP asymmetry
as a function of |�|, the absolute value of the angle between the planes defined by
the p⇡�

fast and ⇡+⇡�
slow systems in the ⇤0

b rest frame. In the present analysis a binning
scheme, labeled A, is considered, based on the results of an approximate amplitude
analysis performed on ⇤0

b ! p⇡�⇡+⇡� decays. The binning scheme consists in dividing
the data sample into 16 subsamples to explore the distribution of the polar and azimuthal
angles of the proton (�++) in the �++ (N⇤+) rest frame. A second binning scheme,
labeled B, is used to probe the asymmetries as a function of |�|, dividing the data
sample into ten subsamples uniformly distributed in the range [0, ⇡]. The invariant-mass
regions m(p⇡+⇡�

slow) > 2.8GeV/c2 (samples A1, B1), dominated by the a1 resonance, and
m(p⇡+⇡�

slow) < 2.8GeV/c2 (samples A2, B2), dominated by the N⇤+ decay, are studied
separately. The compatibility of the measured asymmetries with CP and P conservation
is checked by means of a �2 test taking into account statistical and systematic e↵ects.

The energy test is a model-independent unbinned test sensitive to local di↵erences
between two samples, as might arise from CP violation. It can provide superior discrim-
inating power between di↵erent samples than traditional �2 tests [21, 22]. The test is
performed through the calculation of a test statistic

T ⌘ 1

2n(n� 1)

nX

i 6=j

 ij +
1

2n(n� 1)

nX

i 6=j

 ij �
1

nn

nX

i=1

nX

j=1

 ij, (3)

2

The scalar triple products are defined as C bT ⌘ ~pp ·
⇣
~p⇡�

fast
⇥ ~p⇡+

⌘
and

C bT ⌘ ~pp ·
⇣
~p⇡+

fast
⇥ ~p⇡�

⌘
, for ⇤0

b and ⇤0
b respectively. Hereinafter ⇡�

fast (⇡�
slow) refers to

the faster (slower) of two negative pions in the ⇤0
b rest frame. Following these definitions,

four statistically independent subsamples are considered, labeled with I for C bT > 0, II
for C bT < 0, III for �C bT > 0 and IV for �C bT < 0. Samples I and III are related by
a CP transformation, as are samples II and IV. Samples I and II are related by a P
transformation, as are samples III and IV. Both CP - and P -violating e↵ects appear as
di↵erences between the triple product observables related by CP and P transformations.
The bT operator reverses momentum and spin three-vectors [26, 27]. The quantities C bT
and C bT are odd under this operator. This enables studies of the P -odd CP violation,

which occurs via interference of the bT -even and bT -odd amplitudes with di↵erent CP -odd
(‘weak’) phases [9, 25–27].

The TPA are defined as

AbT =
N(C bT > 0)�N(C bT < 0)

N(C bT > 0) +N(C bT < 0)
, AbT =

N(�C bT > 0)�N(�C bT < 0)

N(�C bT > 0) +N(�C bT < 0)
, (1)

where N and N are the yields of ⇤0
b and ⇤

0
b decays, respectively. The CP - and P -violating

asymmetries are then defined as

a
bT -odd
CP =

1

2

�
AbT � AbT

�
, a

bT -odd
P =

1

2

�
AbT + AbT

�
. (2)

Two types of asymmetries are determined from data. The first are localized in the
phase space in order to enhance sensitivity to local e↵ects and the second are integrated
over the whole phase space. By construction, such asymmetries are largely insensitive to
particle-antiparticle production and detector-induced asymmetries [28].

The previous LHCb result [5] showed evidence for a dependence of the CP asymmetry
as a function of |�|, the absolute value of the angle between the planes defined by
the p⇡�

fast and ⇡+⇡�
slow systems in the ⇤0

b rest frame. In the present analysis a binning
scheme, labeled A, is considered, based on the results of an approximate amplitude
analysis performed on ⇤0

b ! p⇡�⇡+⇡� decays. The binning scheme consists in dividing
the data sample into 16 subsamples to explore the distribution of the polar and azimuthal
angles of the proton (�++) in the �++ (N⇤+) rest frame. A second binning scheme,
labeled B, is used to probe the asymmetries as a function of |�|, dividing the data
sample into ten subsamples uniformly distributed in the range [0, ⇡]. The invariant-mass
regions m(p⇡+⇡�

slow) > 2.8GeV/c2 (samples A1, B1), dominated by the a1 resonance, and
m(p⇡+⇡�

slow) < 2.8GeV/c2 (samples A2, B2), dominated by the N⇤+ decay, are studied
separately. The compatibility of the measured asymmetries with CP and P conservation
is checked by means of a �2 test taking into account statistical and systematic e↵ects.

The energy test is a model-independent unbinned test sensitive to local di↵erences
between two samples, as might arise from CP violation. It can provide superior discrim-
inating power between di↵erent samples than traditional �2 tests [21, 22]. The test is
performed through the calculation of a test statistic

T ⌘ 1

2n(n� 1)

nX

i 6=j

 ij +
1

2n(n� 1)

nX

i 6=j

 ij �
1

nn

nX

i=1

nX

j=1

 ij, (3)

2

CT̂ = ~pp ·
⇣
~p⇡�

fast
⇥ ~p⇡+

⌘

<latexit sha1_base64="i+H6zeK4vbpaNdP5qF6cCT5NBe4="></latexit><latexit sha1_base64="Dx7uiz/coZ6ml38gKJXMZI757G0="></latexit><latexit sha1_base64="Dx7uiz/coZ6ml38gKJXMZI757G0="></latexit><latexit sha1_base64="Ubai3oWMH4Zd9YOSL01Ic8D7N0M="></latexit>

C T̂ = ~pp ·
⇣
~p⇡+

fast
⇥ ~p⇡�

⌘

<latexit sha1_base64="/CFp9/gEa98rRhcLwwaZs34uqYA="></latexit><latexit sha1_base64="auO7466hbUqWrR+mJ+bdrl3tfTM="></latexit><latexit sha1_base64="auO7466hbUqWrR+mJ+bdrl3tfTM="></latexit><latexit sha1_base64="dr0W9d0idNZhqeU9NymS354DoqE="></latexit>

Scalar triple products

Triple product asymmetries

CP and P violating asymmetries
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For more details see talk by Jinlin Fu
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• Triple product results 
• CP conserved at (           ) 
• P violation observed (       )  

• Energy test results 
• Compares two samples 
• P violation observed (       ) 
• CP conserved at (           ) 
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⇤0
b and ⇤0

b production rates. However, local asymmetries due to detector e↵ects may yield
significant results that would lead to an incorrect conclusion. The potential presence
of such e↵ects is studied using the control sample. No evidence is found for any local
asymmetry.

Contributions from background decays are considered, in case they contain lo-
calized asymmetries not related to CP violation. A high-mass selection is applied
(5.75 < m(p⇡�⇡+⇡�) < 6.10GeV/c2) to identify candidates predominantly produced by
random combinations of particles. No significant e↵ect is found in the six configurations
of the energy test probing the CP -conserving hypothesis. Moreover, a small independent
sample of the dominant peaking background (⇤0

b! pK�⇡+⇡�) is selected using the same
requirements as in Ref. [5], with the number of candidates corresponding to the size of the
relevant background in the ⇤0

b! p⇡�⇡+⇡� sample. Again, no p-values corresponding to a
significance above 3 standard deviations are observed when the six configurations of the
energy test probing CP violation are applied to this sample. The background contribution
from the B0! K+⇡�⇡+⇡� decay is negligible within the mass window selected for the
energy test.

Finally, the proton detection asymmetry in simulation is replicated in the
⇤0

b! p⇡�⇡+⇡� data sample by setting the ⇤0
b flavour in the data sample at random

to create the same asymmetry. The P -even and P -odd configurations of the energy test
are then run for all three distance scales to test for e↵ects that might lead to an incorrect
rejection of the CP -conserving hypothesis. This is repeated multiple times for each test
with di↵erent flavour assignments for the ⇤0

b candidates. In all six tests the distribution
of p-values is consistent with being uniform, so no evidence for any bias from the proton
detection asymmetry is found.

The measured TPA from the fit to the full data set are abT -odd
CP = (�0.7±0.7±0.2)% and

a
bT -odd
P = (�4.0± 0.7± 0.2)%. Consistency with the CP -conserving hypothesis is observed,

while a significant non-zero value for the abT -odd
P asymmetry is found. The e↵ect, estimated

with the profile likelihood-ratio test, has a significance of 5.5 standard deviations and
indicates parity violation in the ⇤0

b! p⇡�⇡+⇡� decay.
The values of the TPA for the binning schemes A1, A2, B1 and B2 are shown in Fig. 2.

In the binning schemes A2 and B2 the contribution from N⇤+ resonances dominates and
therefore larger CP asymmetries are possible relative to the A1 and B1 binning schemes.
However, in the A2 and B2 phase-space regions, p-values with respect to the CP -conserving
hypothesis corresponding to statistical significances of 0.5 and 2.9 standard deviations are
measured, respectively. The evidence of CP violation previously observed [5] is therefore
not established.

The same binning scheme B with the present data provides a deviation at 2.8 standard
deviations from the CP conservation hypothesis. The compatibility with the previous
published measurement [5] is determined to be at 2.6 standard deviations, a value which
decreases to 2.1 when the same BDT selection is applied. Pseudoexperiments are generated
by randomly assigning the flavour and C bT sign to each candidate. The asymmetries are
extracted and the di↵erence between the Run 1 and full datasets is determined as a �2

value. The fraction of pseudoexperiments with a �2 value greater than the observed �2 in
data represents the p-value.
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significance of 5.1 standard deviations for the binning scheme B. The p-values measured
in the case of binning schemes B1 and B2 indicate that the P violation has a large
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⇤0
b and ⇤0

b production rates. However, local asymmetries due to detector e↵ects may yield
significant results that would lead to an incorrect conclusion. The potential presence
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sample of the dominant peaking background (⇤0

b! pK�⇡+⇡�) is selected using the same
requirements as in Ref. [5], with the number of candidates corresponding to the size of the
relevant background in the ⇤0

b! p⇡�⇡+⇡� sample. Again, no p-values corresponding to a
significance above 3 standard deviations are observed when the six configurations of the
energy test probing CP violation are applied to this sample. The background contribution
from the B0! K+⇡�⇡+⇡� decay is negligible within the mass window selected for the
energy test.

Finally, the proton detection asymmetry in simulation is replicated in the
⇤0

b! p⇡�⇡+⇡� data sample by setting the ⇤0
b flavour in the data sample at random

to create the same asymmetry. The P -even and P -odd configurations of the energy test
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with di↵erent flavour assignments for the ⇤0
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a
bT -odd
P = (�4.0± 0.7± 0.2)%. Consistency with the CP -conserving hypothesis is observed,

while a significant non-zero value for the abT -odd
P asymmetry is found. The e↵ect, estimated

with the profile likelihood-ratio test, has a significance of 5.5 standard deviations and
indicates parity violation in the ⇤0

b! p⇡�⇡+⇡� decay.
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The scalar triple products are defined as C bT ⌘ ~pp ·
⇣
~p⇡�

fast
⇥ ~p⇡+

⌘
and

C bT ⌘ ~pp ·
⇣
~p⇡+

fast
⇥ ~p⇡�

⌘
, for ⇤0

b and ⇤0
b respectively. Hereinafter ⇡�

fast (⇡�
slow) refers to

the faster (slower) of two negative pions in the ⇤0
b rest frame. Following these definitions,

four statistically independent subsamples are considered, labeled with I for C bT > 0, II
for C bT < 0, III for �C bT > 0 and IV for �C bT < 0. Samples I and III are related by
a CP transformation, as are samples II and IV. Samples I and II are related by a P
transformation, as are samples III and IV. Both CP - and P -violating e↵ects appear as
di↵erences between the triple product observables related by CP and P transformations.
The bT operator reverses momentum and spin three-vectors [26, 27]. The quantities C bT
and C bT are odd under this operator. This enables studies of the P -odd CP violation,

which occurs via interference of the bT -even and bT -odd amplitudes with di↵erent CP -odd
(‘weak’) phases [9, 25–27].

The TPA are defined as

AbT =
N(C bT > 0)�N(C bT < 0)

N(C bT > 0) +N(C bT < 0)
, AbT =

N(�C bT > 0)�N(�C bT < 0)

N(�C bT > 0) +N(�C bT < 0)
, (1)

where N and N are the yields of ⇤0
b and ⇤

0
b decays, respectively. The CP - and P -violating

asymmetries are then defined as

a
bT -odd
CP =

1

2

�
AbT � AbT

�
, a

bT -odd
P =

1

2

�
AbT + AbT

�
. (2)

Two types of asymmetries are determined from data. The first are localized in the
phase space in order to enhance sensitivity to local e↵ects and the second are integrated
over the whole phase space. By construction, such asymmetries are largely insensitive to
particle-antiparticle production and detector-induced asymmetries [28].

The previous LHCb result [5] showed evidence for a dependence of the CP asymmetry
as a function of |�|, the absolute value of the angle between the planes defined by
the p⇡�

fast and ⇡+⇡�
slow systems in the ⇤0

b rest frame. In the present analysis a binning
scheme, labeled A, is considered, based on the results of an approximate amplitude
analysis performed on ⇤0

b ! p⇡�⇡+⇡� decays. The binning scheme consists in dividing
the data sample into 16 subsamples to explore the distribution of the polar and azimuthal
angles of the proton (�++) in the �++ (N⇤+) rest frame. A second binning scheme,
labeled B, is used to probe the asymmetries as a function of |�|, dividing the data
sample into ten subsamples uniformly distributed in the range [0, ⇡]. The invariant-mass
regions m(p⇡+⇡�

slow) > 2.8GeV/c2 (samples A1, B1), dominated by the a1 resonance, and
m(p⇡+⇡�

slow) < 2.8GeV/c2 (samples A2, B2), dominated by the N⇤+ decay, are studied
separately. The compatibility of the measured asymmetries with CP and P conservation
is checked by means of a �2 test taking into account statistical and systematic e↵ects.

The energy test is a model-independent unbinned test sensitive to local di↵erences
between two samples, as might arise from CP violation. It can provide superior discrim-
inating power between di↵erent samples than traditional �2 tests [21, 22]. The test is
performed through the calculation of a test statistic
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Figure 2: Measured asymmetries for the binning scheme (left) A1 and A2 and (right) B1 and B2.
The error bars represent the sum in quadrature of the statistical and systematic uncertainties.
The �2 per ndof is calculated with respect to the null hypothesis and includes statistical and
systematic uncertainties.

contribution from the ⇤0
b! pa1(1260)� decay, for which the statistical significance is 5.5

standard deviations.
The p-values obtained for di↵erent configurations of the energy test are summarised

in Table 1. All CP -violation searches using the energy test result in p-values with a
significance of 3 standard deviations or smaller. Given the reported p-value for the P -even
configuration of the energy test at a distance scale of 2.7 GeV2/c4 is marginally consistent
with the CP -conserving hypothesis, the di↵erent distance scales considered are combined
to obtain a global p-value for the P -even configuration. A new test statistic is defined
as Q = p1 p2 p3, where pi corresponds to a p-value for a distance scale i. The value of
Q observed in data is then compared to the corresponding values from permutations,
considering correlations between the di↵erent distance scales. The combined p-value for
the P -even energy test configuration is 4.6⇥10�3. In addition, the test for parity violation
is also performed using the same three distance scales with the energy test. The results
are reported in Table 1. The p-values found with this study correspond to the observation
of local parity violation for the two smaller distance scales probed.

In conclusion, this Letter reports the searches for CP violation in ⇤0
b ! p⇡�⇡+⇡�

decays both globally and in regions of phase space, using two di↵erent methods. The
results are marginally compatible with the no CP -violation hypothesis. Violation of P
symmetry is observed using both methods, locally with a significance of over 5 standard
deviations, and, when the triple product asymmetries are evaluated having integrated

Table 1: The p-values from the energy test for di↵erent distances scales and test configurations.

Distance scale � 1.6 GeV2/c4 2.7 GeV2/c4 13 GeV2/c4

p-value (CP conservation, P even) 3.1⇥ 10�2 2.7⇥ 10�3 1.3⇥ 10�2

p-value (CP conservation, P odd) 1.5⇥ 10�1 6.9⇥ 10�2 6.5⇥ 10�2

p-value (P conservation) 1.3⇥ 10�7 4.0⇥ 10�7 1.6⇥ 10�1
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arXiv:1912.10741 [hep-ex]

For more details see talk by Jinlin Fu
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• I can’t cover everything - so try to focus on results since LHCP 2019 

• Unitary triangle(s) 
•   

• Baryon CPV searches 
•   

• Charmless B meson decays 
•  
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• Exciting results back in 2014 
• Large localised CPV seen 
• Quite a lot of interest and ideas 
• Rescattering effects? 

• Amplitude analysis required  
to shed light on things 
• Arrived last year 
• Run 1 data sample 
• Around 20k signal candidates

CPV in 
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• Amplitude model implemented using the isobar model (except S-wave) 
• Notoriously tricky S-wave models in 3 ways 

• Isobar with                    rescattering 
• K-matrix, includes 5 rescattering couplings to intermediate states  
• Quasi model independent, fit magnitude and phase in bins of the Dalitz plot
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• Amplitude model implemented using the isobar model (except S-wave) 
• Notoriously tricky S-wave models in 3 ways 

• Isobar with                    rescattering 
• K-matrix, includes 5 rescattering couplings to intermediate states  
• Quasi model independent, fit magnitude and phase in bins of the Dalitz plot
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Phys. Rev. Lett. 124 (2020) 031801, Phys. Rev. D101 (2020) 012006
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• Plethora of results in the papers to digest, focus only on CPV here 
• Large CP asymmetries seen in several regions of  

the Dalitz plot 
• Integrated CPV in the                resonance cancels 

but large effects seen above and below the pole
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Phys. Rev. Lett. 124 (2020) 031801, Phys. Rev. D101 (2020) 012006

For more details see talk by Jinlin Fu

Component CP -averaged fit fractions (10�2) Quasi-two-body CP asymmetries (10�2)
⇢(770)0 55.5 ± 0.6 ± 0.4 ± 2.7 +0.7± 1.1± 0.6± 4.0
!(782) 0.50± 0.03± 0.01± 0.08 �4.8± 6.5± 1.3± 4.7
f2(1270) 9.0 ± 0.3 ± 0.7 ± 1.5 +46.8± 6.1± 1.5± 10.2
⇢(1450)0 5.2 ± 0.3 ± 0.2 ± 5.6 �12.9± 3.3± 3.6± 41.9
⇢3(1690)0 0.5 ± 0.1 ± 0.1 ± 1.0 �80.1± 11.4± 7.8± 50.5
S-wave 25.4 ± 0.5 ± 0.5 ± 3.9 +14.4± 1.8± 1.0± 2.4

Component CP -averaged fit fractions (10�2) Quasi-two-body CP asymmetries (10�2)
⇢(770)0 55.5 ± 0.6 ± 0.4 ± 2.7 +0.7± 1.1± 0.6± 4.0
!(782) 0.50± 0.03± 0.01± 0.08 �4.8± 6.5± 1.3± 4.7
f2(1270) 9.0 ± 0.3 ± 0.7 ± 1.5 +46.8± 6.1± 1.5± 10.2
⇢(1450)0 5.2 ± 0.3 ± 0.2 ± 5.6 �12.9± 3.3± 3.6± 41.9
⇢3(1690)0 0.5 ± 0.1 ± 0.1 ± 1.0 �80.1± 11.4± 7.8± 50.5
S-wave 25.4 ± 0.5 ± 0.5 ± 3.9 +14.4± 1.8± 1.0± 2.4

Third uncertainty from the S-wave models
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• Plethora of results in the papers to digest, focus only on CPV here 
• Large CP asymmetries seen in several regions of  

the Dalitz plot 
• Significant CPV in the               resonance
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Component CP -averaged fit fractions (10�2) Quasi-two-body CP asymmetries (10�2)
⇢(770)0 55.5 ± 0.6 ± 0.4 ± 2.7 +0.7± 1.1± 0.6± 4.0
!(782) 0.50± 0.03± 0.01± 0.08 �4.8± 6.5± 1.3± 4.7
f2(1270) 9.0 ± 0.3 ± 0.7 ± 1.5 +46.8± 6.1± 1.5± 10.2
⇢(1450)0 5.2 ± 0.3 ± 0.2 ± 5.6 �12.9± 3.3± 3.6± 41.9
⇢3(1690)0 0.5 ± 0.1 ± 0.1 ± 1.0 �80.1± 11.4± 7.8± 50.5
S-wave 25.4 ± 0.5 ± 0.5 ± 3.9 +14.4± 1.8± 1.0± 2.4

Component CP -averaged fit fractions (10�2) Quasi-two-body CP asymmetries (10�2)
⇢(770)0 55.5 ± 0.6 ± 0.4 ± 2.7 +0.7± 1.1± 0.6± 4.0
!(782) 0.50± 0.03± 0.01± 0.08 �4.8± 6.5± 1.3± 4.7
f2(1270) 9.0 ± 0.3 ± 0.7 ± 1.5 +46.8± 6.1± 1.5± 10.2
⇢(1450)0 5.2 ± 0.3 ± 0.2 ± 5.6 �12.9± 3.3± 3.6± 41.9
⇢3(1690)0 0.5 ± 0.1 ± 0.1 ± 1.0 �80.1± 11.4± 7.8± 50.5
S-wave 25.4 ± 0.5 ± 0.5 ± 3.9 +14.4± 1.8± 1.0± 2.4

Third uncertainty from the S-wave models
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For more details see talk by Jinlin Fu
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• Lots of work going on in CPV searches 
• Regardless of the final flavour anomaly explanations CPV is an excellent test of the SM 
• Expect to reach very interesting sensitivity in the coming years 

• Lots to look forward to 
• Full LHCb Run 2 data sample results 
• Belle-II and LHCb Upgrade(s) entering the game  

• Plenty of other CPV topics out there 
• Charm discovered recently, whole programme to follow 
• Semi-leptonic asymmetries  
• Kaons… 

Summary
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adsl, a
s
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Want to ask something else 
after the session? 
https://cern.zoom.us/j/
92275377556?
pwd=NnRNaHV4dmdwM3VSRFE1QX
N5TGVnUT09

https://cern.zoom.us/j/92275377556?pwd=NnRNaHV4dmdwM3VSRFE1QXN5TGVnUT09
https://cern.zoom.us/j/92275377556?pwd=NnRNaHV4dmdwM3VSRFE1QXN5TGVnUT09
https://cern.zoom.us/j/92275377556?pwd=NnRNaHV4dmdwM3VSRFE1QXN5TGVnUT09
https://cern.zoom.us/j/92275377556?pwd=NnRNaHV4dmdwM3VSRFE1QXN5TGVnUT09
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Table 10.1: Summary of prospects for future measurements of selected flavour observables for LHCb, Belle II and Phase-II ATLAS and CMS. The projected
LHCb sensitivities take no account of potential detector improvements, apart from in the trigger. The Belle-II sensitivities are taken from Ref. [608].

Observable Current LHCb LHCb 2025 Belle II Upgrade II ATLAS & CMS
EW Penguins
RK (1 < q2 < 6 GeV2c4) 0.1 [274] 0.025 0.036 0.007 –
RK⇤ (1 < q2 < 6 GeV2c4) 0.1 [275] 0.031 0.032 0.008 –
R�, RpK , R⇡ – 0.08, 0.06, 0.18 – 0.02, 0.02, 0.05 –

CKM tests
�, with B0

s ! D+
s K� (+17

�22
)� [136] 4� – 1� –

�, all modes (+5.0
�5.8)

� [167] 1.5� 1.5� 0.35� –
sin 2�, with B0 ! J/ K0

S
0.04 [609] 0.011 0.005 0.003 –

�s, with B0
s ! J/ � 49 mrad [44] 14 mrad – 4 mrad 22 mrad [610]

�s, with B0
s ! D+

s D�
s 170 mrad [49] 35 mrad – 9 mrad –

�ss̄s
s , with B0

s ! �� 154 mrad [94] 39 mrad – 11 mrad Under study [611]
as

sl
33 ⇥ 10�4 [211] 10 ⇥ 10�4 – 3 ⇥ 10�4 –

|Vub|/|Vcb| 6% [201] 3% 1% 1% –

B0
s ,B

0!µ+µ�

B(B0 ! µ+µ�)/B(B0
s ! µ+µ�) 90% [264] 34% – 10% 21% [612]

⌧B0
s!µ+µ� 22% [264] 8% – 2% –

Sµµ – – – 0.2 –

b ! c`�⌫̄l LUV studies
R(D⇤) 0.026 [215,217] 0.0072 0.005 0.002 –
R(J/ ) 0.24 [220] 0.071 – 0.02 –

Charm
�ACP (KK � ⇡⇡) 8.5 ⇥ 10�4 [613] 1.7 ⇥ 10�4 5.4 ⇥ 10�4 3.0 ⇥ 10�5 –
A� (⇡ x sin�) 2.8 ⇥ 10�4 [240] 4.3 ⇥ 10�5 3.5 ⇥ 10�4 1.0 ⇥ 10�5 –
x sin� from D0 ! K+⇡� 13 ⇥ 10�4 [228] 3.2 ⇥ 10�4 4.6 ⇥ 10�4 8.0 ⇥ 10�5 –
x sin� from multibody decays – (K3⇡) 4.0 ⇥ 10�5 (K0

S
⇡⇡) 1.2 ⇥ 10�4 (K3⇡) 8.0 ⇥ 10�6 –
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GLW/ADS analysis with                     decays
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B0 ! DK⇤0
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and ⇡+⇡� have previously been exploited in an amplitude analysis of B0
! DK+⇡�

decays, including B0
! DK⇤0 decays [10].

In this paper, results are presented for a study of B0
! DK⇤0 decays performed on

a data set corresponding to 3.0 fb�1 of integrated luminosity collected at centre-of-mass
energies of 7 and 8TeV during Run 1 of the LHC, and 1.8 fb�1 collected at 13TeV during
Run 2 in 2015 and 2016. Observables sensitive to � are measured for the following final
states of the D-meson decay: K±⇡⌥, K+K�, ⇡+⇡�, K±⇡⌥⇡+⇡� and ⇡+⇡�⇡+⇡�. The
study of the two-body modes benefits from several improvements with respect to Ref. [7],
as well as from the larger data set. The four-body modes are analysed for the first time
in this decay chain. The measurements involving D ! ⇡+⇡�⇡+⇡� are based on Run 2
data alone, as the central processing that performs the first step of the selection did not
include a suitable selection for this mode in Run 1.

The paper is organised as follows: Section 2 presents the observables to be measured,
and their relationships to the physics parameters of interest; Sect. 3 discusses those aspects
of the detector, trigger and simulation that are relevant for the measurement; Sects. 4, 5
and 6 describe the candidate selection, the fit of the mass spectra and the assignment of
systematic uncertainties, respectively; the results, and their interpretation, are given in
Sect. 7; and conclusions are presented in Sect. 8.

2 Analysis strategy

This analysis exploits the interference between B0
! D0K⇤0 and B0

! D0K⇤0 decays,
with the D0 and D0 mesons reconstructed in a common final state. The partial widths
of these decays are used to construct observables, which have a dependence on � and
the following parameters: the ratio rDK

⇤0
B between the magnitudes of the suppressed and

favoured B0 decay amplitudes; the CP -conserving strong-phase di↵erence �DK
⇤0

B between
the amplitudes; and a coherence factor , which accounts for other amplitudes that may
contribute to the B0

! DK+⇡� final state in addition to the two diagrams responsible
for the B0

! DK⇤0 signal process. Detailed definitions of these parameters may be found
in Ref. [7]. An amplitude analysis of B0

! DK+⇡� decays has determined the coherence
factor to be  = 0.958 +0.005

�0.046 for the K⇤0 selection criteria used in this measurement (see
Sect. 4) [10], which indicates an almost pure DK⇤0 sample.

Reconstructing the charmed meson through a decay to a CP eigenstate, such as
D ! K+K� or D ! ⇡+⇡�, brings information on � through a strategy first proposed by
Gronau, London and Wyler (GLW) [11,12]. The asymmetry

ACP ⌘
�(B0

! DCPK⇤0)� �(B0
! DCPK⇤0)

�(B0 ! DCPK⇤0) + �(B0 ! DCPK⇤0)
, (1)

where � represents a partial decay width, is measured for both modes, yielding A
KK
CP and

A
⇡⇡
CP , which are expected to be equal when the small CP -violating e↵ects observed in

the D-meson decay [13] are neglected; this assumption applies for the remainder of the
discussion. The asymmetry is related to the underlying parameters through

ACP =
2rDK

⇤0
B sin �DK

⇤0
B sin �

RCP
, (2)
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where RCP is the charge-averaged rate of decays involving a D meson decaying to a CP
eigenstate, defined as

RCP ⌘ 2
�(B0

! DCPK⇤0) + �(B0
! DCPK⇤0)

�(B0 ! D0K⇤0) + �(B0 ! D0K⇤0)
. (3)

This is related to � and the auxiliary parameters through

RCP = 1 + (rDK
⇤0

B )
2
+ 2rDK

⇤0

B cos �DK
⇤0

B cos �. (4)

Experimentally it is convenient to access RCP by noting that it is closely approximated by

R
hh
CP ⌘

�(B0
! D(h+h�)K⇤0) + �(B0

! D(h+h�)K⇤0)

�(B0 ! D(K�⇡+)K⇤0) + �(B0 ! D(K+⇡�)K⇤0)
⇥

B(D0
! K�⇡+)

B(D0 ! h+h�)
, (5)

where the branching fractions B are known [14].
As proposed in Refs. [15, 16], multibody D-meson decays to self-conjugate final states

may be used in a quasi-GLW analysis provided their fractional CP content is known.
Hence the observables A4⇡

CP and R
4⇡
CP are measured, which are analogous to the two-body

observables ACP and R
hh
CP , but for the decay D ! ⇡+⇡�⇡+⇡�. These new observables can

be interpreted through equivalent expressions to Eqs. 2 and 4 in which the interference
terms acquire a factor of (2F 4⇡

+ � 1), where F 4⇡
+ is the fractional CP -even content of the

decay, measured to be 0.769± 0.023 from quantum-correlated D-meson decays [17].
The decays D ! K±⇡⌥ are exploited in a method proposed by Atwood, Dunietz

and Soni (ADS) [18,19]. Considering the decays K⇤0
! K+⇡� and K⇤0

! K�⇡+, four
categories are defined: two decays with the same charge of the final-state kaons, which are
favoured and labelled K⇡, and two decays with the opposite charge of the final-state kaons,
which are suppressed and labelled ⇡K. The interference e↵ects, and hence sensitivity to
�, are expected to be substantial for the suppressed modes, and smaller for the favoured
modes.

The partial-rate asymmetry of the suppressed ADS decays is given by
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which have the following dependence on � and the auxiliary parameters:
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! K+⇡� and K⇤0

! K�⇡+, four
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�, are expected to be substantial for the suppressed modes, and smaller for the favoured
modes.

The partial-rate asymmetry of the suppressed ADS decays is given by

A
⇡K
ADS ⌘

�(B0
! D(⇡�K+)K⇤0)� �(B0

! D(⇡+K�)K⇤0)

�(B0 ! D(⇡�K+)K⇤0) + �(B0 ! D(⇡+K�)K⇤0)
, (6)

and the charge-averaged rate with respect to the favoured modes by

R
⇡K
ADS ⌘

�(B0
! D(⇡�K+)K⇤0) + �(B0

! D(⇡+K�)K⇤0)

�(B0 ! D(K�⇡+)K⇤0) + �(B0 ! D(K+⇡�)K⇤0)
, (7)

which have the following dependence on � and the auxiliary parameters:

A
⇡K
ADS =

2rDK
⇤0

B rK⇡
D sin(�DK

⇤0
B + �K⇡

D ) sin �

(rDK
⇤0

B )2 + (rK⇡
D )2 + 2rDK

⇤0
B rK⇡

D cos(�DK
⇤0

B + �K⇡
D ) cos �

, (8)

R
⇡K
ADS =

(rDK
⇤0

B )2 + (rK⇡
D )2 + 2rDK

⇤0
B rK⇡

D cos(�DK
⇤0

B + �K⇡
D ) cos �

1 + (rDK
⇤0

B rK⇡
D )2 + 2rDK

⇤0
B rK⇡

D cos(�DK
⇤0

B + �K⇡
D ) cos �

. (9)

3

where RCP is the charge-averaged rate of decays involving a D meson decaying to a CP
eigenstate, defined as

RCP ⌘ 2
�(B0

! DCPK⇤0) + �(B0
! DCPK⇤0)

�(B0 ! D0K⇤0) + �(B0 ! D0K⇤0)
. (3)

This is related to � and the auxiliary parameters through

RCP = 1 + (rDK
⇤0

B )
2
+ 2rDK

⇤0

B cos �DK
⇤0

B cos �. (4)

Experimentally it is convenient to access RCP by noting that it is closely approximated by

R
hh
CP ⌘

�(B0
! D(h+h�)K⇤0) + �(B0

! D(h+h�)K⇤0)

�(B0 ! D(K�⇡+)K⇤0) + �(B0 ! D(K+⇡�)K⇤0)
⇥

B(D0
! K�⇡+)

B(D0 ! h+h�)
, (5)

where the branching fractions B are known [14].
As proposed in Refs. [15, 16], multibody D-meson decays to self-conjugate final states

may be used in a quasi-GLW analysis provided their fractional CP content is known.
Hence the observables A4⇡

CP and R
4⇡
CP are measured, which are analogous to the two-body

observables ACP and R
hh
CP , but for the decay D ! ⇡+⇡�⇡+⇡�. These new observables can

be interpreted through equivalent expressions to Eqs. 2 and 4 in which the interference
terms acquire a factor of (2F 4⇡

+ � 1), where F 4⇡
+ is the fractional CP -even content of the

decay, measured to be 0.769± 0.023 from quantum-correlated D-meson decays [17].
The decays D ! K±⇡⌥ are exploited in a method proposed by Atwood, Dunietz

and Soni (ADS) [18,19]. Considering the decays K⇤0
! K+⇡� and K⇤0

! K�⇡+, four
categories are defined: two decays with the same charge of the final-state kaons, which are
favoured and labelled K⇡, and two decays with the opposite charge of the final-state kaons,
which are suppressed and labelled ⇡K. The interference e↵ects, and hence sensitivity to
�, are expected to be substantial for the suppressed modes, and smaller for the favoured
modes.

The partial-rate asymmetry of the suppressed ADS decays is given by

A
⇡K
ADS ⌘

�(B0
! D(⇡�K+)K⇤0)� �(B0

! D(⇡+K�)K⇤0)

�(B0 ! D(⇡�K+)K⇤0) + �(B0 ! D(⇡+K�)K⇤0)
, (6)

and the charge-averaged rate with respect to the favoured modes by

R
⇡K
ADS ⌘

�(B0
! D(⇡�K+)K⇤0) + �(B0

! D(⇡+K�)K⇤0)

�(B0 ! D(K�⇡+)K⇤0) + �(B0 ! D(K+⇡�)K⇤0)
, (7)

which have the following dependence on � and the auxiliary parameters:

A
⇡K
ADS =

2rDK
⇤0

B rK⇡
D sin(�DK

⇤0
B + �K⇡

D ) sin �

(rDK
⇤0

B )2 + (rK⇡
D )2 + 2rDK

⇤0
B rK⇡

D cos(�DK
⇤0

B + �K⇡
D ) cos �

, (8)

R
⇡K
ADS =

(rDK
⇤0

B )2 + (rK⇡
D )2 + 2rDK

⇤0
B rK⇡

D cos(�DK
⇤0

B + �K⇡
D ) cos �

1 + (rDK
⇤0

B rK⇡
D )2 + 2rDK

⇤0
B rK⇡

D cos(�DK
⇤0

B + �K⇡
D ) cos �

. (9)

3



28/05/2020

GLS analysis with                    decays

36

B+ ! DK+
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describe the candidate selection, the fit to the invariant mass spectra, and the assignment
of systematic uncertainties; the observable results are presented in Sec. 7.

2 Formalism

The SS B+
! [K0

S
K+⇡�]DK+ decay can proceed via the D0 or D0 states. As such, the

total decay amplitude is given by the sum of two interfering amplitudes,

AK0
SK

+⇡�(x) = AD0(x) + rBei(�B+�)A
D0(x), (1)

where x represents the Dalitz plot coordinates (m2

K0
SK

, m2

K0
S⇡
), A{D0,D0}(x) are the D0

and D0 decay amplitudes at a specific point in the K0

S
K+⇡� Dalitz plot [9]. The OS

B+
! [K0

S
K�⇡+]DK+ decay also proceeds via both D0 and D0, with a total decay

amplitude given by
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D0(x) + rBei(�B+�)AD0(x) . (2)

The amplitude ratio rB = |A(B
+!D

0
K

+
)|

|A(B+!D0K+)| ⇠ 0.1 [5, 6], and �B = arg
⇣

A(B
+!D

0
K

+
)

A(B+!D0K+)

⌘
is the

strong-phase di↵erence between the B decay amplitudes. To calculate the decay rate in a
finite region of the Dalitz plot, the integral of the interference term over that region must
be known. In Ref. [8], measurements of quantum-correlated D decays have been used to

determine the amplitude ratio, rD = |A(D
0!K

0
sK

+
⇡
�
)|

|A(D0!K0
sK

+⇡�)| , and the integral of the interference

term directly in the form of a coherence factor, D, and an average strong phase di↵erence,
�D [10]. The coherence factor is defined as

D e�i�D =

R
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SK

�⇡+(x)AK0
SK

+⇡�(x) dx
qR

|AK0
SK

�⇡+(x)|2dx
qR

|AK0
SK

+⇡�(x)|2dx
. (3)

A similar notation also holds for SS and OS B+
! D⇡+ decays with the replacements

rB ! r⇡
B
and �B ! �⇡

B
, where r⇡

B
⇠ 0.015.

In each Dalitz region, four decay rates are considered in this analysis [11]:
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B
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D
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B
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/ (r⇡

B
)2 + r2

D
+ 2r⇡

B
rDD cos(�⇡

B
± � + �D) .

(4)

Observables constructed from Eq. 4 have sensitivity to � that depends upon the value of
the coherence factor, with a higher coherence corresponding to greater sensitivity. The
CLEO-c results [8] show high coherence within the K⇤+ region, defined as ±100MeV/c2

around the K⇤+ mass; D = 0.94 ± 0.12 and �D = (�16.6 ± 18.4)� are reported. With
rD ⇡ 0.6 [8], the maximal CP asymmetry that can be expected is 35% in B+

! DK+

decays, but only 2% in B+
! D⇡+ decays due to the dissimilarity of rD and r⇡

B
. Dedicated

measurements in the non-K⇤+ region have not yet been made. Eight yields are measured in
this analysis, from which seven ratios are constructed as CP observables; each observable

2

can be related to � through the decay rates in Eq. 4. The charge asymmetry is measured
in four decay modes,

ADh

m
=

NDh
�

m
� NDh

+

m

NDh�
m

+ NDh+

m

,

where m 2 {SS,OS} and h 2 {⇡, K}. The ratios of B+
! DK+ and B+

! D⇡+ yields,

RDK/D⇡

m , are determined, and the ratio of SS to OS B+
! D⇡+ yields, RSS/OS, is also

measured. The measurements are reported for the K⇤+ region of the D Dalitz plot as
defined above, and outside it; they are not interpreted in terms of � in this work, as
constraints on the B decay hadronic parameters which come from measurements using
other D decay modes are necessary at the current level of statistical precision.

3 Detector and simulation

The LHCb detector [12, 13] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or
c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region, a silicon-strip detector located
upstream of a dipole magnet with a bending power of about 4Tm, and three stations
of silicon-strip detectors and straw drift tubes placed downstream of the magnet. The
tracking system provides a measurement of the momentum, p, of charged particles with
relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200GeV/c. The
minimum distance of a track to a primary vertex (PV), the impact parameter (IP), is mea-
sured with a resolution of (15 + 29/pT)µm, where pT is the component of the momentum
transverse to the beam, in GeV/c. Di↵erent types of charged hadrons are distinguished
using information from two ring-imaging Cherenkov (RICH) detectors. Photons, electrons
and hadrons are identified by a calorimeter system consisting of scintillating-pad and
preshower detectors, an electromagnetic and a hadronic calorimeter. Muons are identified
by a system composed of alternating layers of iron and multiwire proportional chambers.

The online event selection is performed by a trigger, which consists of a hardware stage,
based on information from the calorimeter and muon systems, followed by a software
stage, which applies a full event reconstruction. The events considered in the analysis are
triggered at the hardware level when either one of the final-state tracks of the signal decay
deposits enough energy in the calorimeter system, or when one of the other particles in
the event, not reconstructed as part of the signal candidate, fulfils any trigger requirement.
At the software stage, it is required that at least one particle should have high pT and
high �2

IP
, where �2

IP
is defined as the di↵erence in the PV fit �2 with and without the

inclusion of that particle. A multivariate algorithm [14] is used to identify secondary
vertices consistent with being a two-, three-, or four-track b-hadron decay. The PVs are
fitted with and without the B candidate tracks, and the PV that gives the smallest �2

IP
is

associated with the B candidate.
Simulated events are used to describe the signal mass shapes and compute e�ciencies.

In the simulation, pp collisions are generated using Pythia [15] with a specific LHCb
configuration [16]. Decays of hadronic particles are described by EvtGen [17], in
which final-state radiation is generated using Photos [18]. The interaction of the
generated particles with the detector, and its response, are implemented using the Geant4
toolkit [19] as described in Ref. [20].
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B0 ! D⇤±D⌥
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CP observables for B0! D⇤±D⌥ decays can be defined as [3]

SD⇤D =
1

2
(Sf + Sf̄ ),

�SD⇤D =
1

2
(Sf � Sf̄ ),

CD⇤D =
1

2
(Cf + Cf̄ ),

�CD⇤D =
1

2
(Cf � Cf̄ ),

AD⇤D = Aff̄ .

(4)

In absence of CP violation, SD⇤D and CD⇤D vanish. While �SD⇤D is related to the relative
strong phase between the decay amplitudes, the parameter �CD⇤D is a measure of how
flavour specific the decay mode is. For a flavour-specific decay only one final state is
accessible for each flavour of the decaying neutral B meson, �CD⇤D = ±1 and no CP
violation in the interference between decays with and without mixing is possible. Decays
with �CD⇤D = 0 present the highest sensitivity to mixing-induced CP violation. In
the case of B0! D⇤±D⌥ decays, if the contribution of higher-order SM processes and
NP are negligible, the amplitudes for B0 ! D⇤+D� and B0 ! D⇤�D+ have the same
hadronic phase and magnitude. As a result, AD⇤D, CD⇤D, �CD⇤D and �SD⇤D vanish
and SD⇤D = sin(2�). Theoretical models, based on QCD factorization and heavy quark
symmetry, estimate the contribution of penguin amplitudes in B0! D⇤±D⌥ to be up to
a few percent [6, 7].

By combining Eqs. 1 and 4 the decay rate can be rewritten as

d�(t)

dt
=
e�t/⌧d

8⌧d
(1 + rAD⇤D)⇥ (5)

h
1� d(SD⇤D + r�SD⇤D)sin(�mt) + d(CD⇤D + r�CD⇤D) cos(�mt)

i
,

where d takes values +1 (�1) for mesons whose initial flavour is B0 (B0) and r takes
values +1 (�1) for the final states f (f̄).

This paper reports the first measurement of CP violation in B0! D⇤±D⌥ decays
at the LHCb experiment. The measurement is based on a sample of pp collision data
corresponding to integrated luminosities of 1 and 2 fb�1 at centre-of-mass energies of 7
and 8TeV (referred to as Run 1) and of 6 fb�1 at 13TeV (Run 2), recorded by the LHCb
experiment between 2011 and 2018. Previous measurements with this B0 decay mode
have been performed by the BaBar [8] and Belle experiments [9].

In this analysis the B0! D⇤±D⌥ candidates are reconstructed through the subsequent
decays D� ! K+⇡�⇡� and D⇤+ ! D0⇡+. For the D0 meson, the D0 ! K�⇡+⇡+⇡�

and D0! K�⇡+ decay modes are used. The analysis proceeds as follows: B0! D⇤±D⌥

candidates, reconstructed in the two D0 decay modes and the two data-taking periods,
are selected and analysed separately, as outlined in Sec. 3. The signal contribution
is determined in each of the four samples with fits to the B0 mass distributions, as
described in Sec. 4. A key ingredient for measurements of CP violation in time-dependent
analyses is the determination of the flavour of the neutral B mesons by means of tagging
algorithms, described in Sec. 5. The evaluation of instrumental asymmetries that a↵ect
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Today
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Figure 10.2: Evolving constraints in the ⇢̄ � ⌘̄ plane from LHCb measurements and lattice QCD calcula-
tions, alone, with current inputs (2018), and the anticipated improvements from the data accumulated by
2025 (23 fb�1) and 2035 (300 fb�1), taking the values given in Table 10.1. The hadronic parameter ⇠ is
a necessary input in the determination of the side opposite � and is assumed to be calculated with a
precision of 0.6% and 0.3%, in 2025 and 2035, respectively [614]. In the future projections the central
values of the inputs have been adjusted to provide internal consistency.
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Figure 10.2: Evolving constraints in the ⇢̄ � ⌘̄ plane from LHCb measurements and lattice QCD calcula-
tions, alone, with current inputs (2018), and the anticipated improvements from the data accumulated by
2025 (23 fb�1) and 2035 (300 fb�1), taking the values given in Table 10.1. The hadronic parameter ⇠ is
a necessary input in the determination of the side opposite � and is assumed to be calculated with a
precision of 0.6% and 0.3%, in 2025 and 2035, respectively [614]. In the future projections the central
values of the inputs have been adjusted to provide internal consistency.
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Figure 10.2: Evolving constraints in the ⇢̄ � ⌘̄ plane from LHCb measurements and lattice QCD calcula-
tions, alone, with current inputs (2018), and the anticipated improvements from the data accumulated by
2025 (23 fb�1) and 2035 (300 fb�1), taking the values given in Table 10.1. The hadronic parameter ⇠ is
a necessary input in the determination of the side opposite � and is assumed to be calculated with a
precision of 0.6% and 0.3%, in 2025 and 2035, respectively [614]. In the future projections the central
values of the inputs have been adjusted to provide internal consistency.
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