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A simple question

L = ?
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The Standard Model

• Symmetry, local gauge 

• Simplicity, few 
parameters 

• Anarchy, whatever is 
not forbidden is allowed  
 
Remarkable predictive 
power, it explains 
(almost) all observed 
phenomena at the 
elementary particle level
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Just the tip… 

• Several questions remain 
unanswered: origin of 
generations, dark matter, 
matter-antimatter asymmetry, 
gravity, …  

• Strong prejudice in favor of a 
higher-energy extension of the 
theory (ultraviolet completion) 

• Will involve new particles and 
interactions at energy scales 
not (yet) explored

�5



Probing the next scale
High-energy production 

of new particles

Probe directly the 
structure of matter 
and its interactions 

Low-energy precision 
measurements

Look for the effects of exchange of 
virtual new particles. Quantum-probe of 
higher energies than directly accessible 
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The high-energy frontier
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ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 ATLAS-CONF-2017-0607.75 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO CERN-EP-2017-1328.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.092178.9 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 36.7 k/MPl = 0.1 CERN-EP-2017-1324.1 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 36.1 k/MPl = 1.0 ATLAS-CONF-2017-0511.75 TeVGKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 13.2 Tier (1,1), B(A(1,1) → tt) = 1 ATLAS-CONF-2016-1041.6 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 36.1 ATLAS-CONF-2017-0274.5 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 ATLAS-CONF-2017-0502.4 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass

Leptophobic Z ′ → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 3.2 Γ/m = 3% ATLAS-CONF-2016-0142.0 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 36.1 1706.047865.1 TeVW′ mass

HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 36.7 gV = 3 CERN-EP-2017-1473.5 TeVV′ mass

HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 ATLAS-CONF-2017-0552.93 TeVV′ mass

LRSM W ′
R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 37.0 η−LL 1703.0921721.8 TeVΛ

CI ℓℓqq 2 e, µ − − 36.1 η−LL ATLAS-CONF-2017-02740.1 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) < 400 GeV ATLAS-CONF-2017-0601.5 TeVmmed

Vector mediator (Dirac DM) 0 e, µ, 1 γ ≤ 1 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) < 480 GeV 1704.038481.2 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 0 or 1 e, µ ≥ 2 b, ≥ 3 j Yes 13.2 B(T → Ht) = 1 ATLAS-CONF-2016-1041.2 TeVT mass

VLQ TT → Zt + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 36.1 B(T → Zt) = 1 1705.107511.16 TeVT mass

VLQ TT →Wb + X 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 B(T →Wb) = 1 CERN-EP-2017-0941.35 TeVT mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 B(B → Hb) = 1 1505.04306700 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B(B → Zb) = 1 1409.5500790 GeVB mass

VLQ BB →Wt + X 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 B(B →Wt) = 1 CERN-EP-2017-0941.25 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 37.0 only u∗ and d∗, Λ = m(q∗) 1703.091276.0 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) CERN-EP-2017-1485.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 13.3 ATLAS-CONF-2016-0602.3 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production ATLAS-CONF-2017-053870 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±
L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: July 2017

ATLAS Preliminary∫
L dt = (3.2 – 37.0) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).

Discovery of a spin-0 
boson consistent with the 

Higgs particle…

…and null results from 
direct searches probing 

masses >1 TeV 
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New particles or interactions are unlikely to be directly 
accessible at the energies probed by the LHC



(Quark) Flavor matters

• The physics of matter at its most 
fundamental level. Deals with 
masses and transitions of 
fermions 

• Added bonus: dynamics is not 
invariant for mirror-reversal of the 
spatial arrangement and 
replacement of particles with 
antiparticles (CP violation) 

• The richness of this 
phenomenology offers  
multiple ways to test the SM
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<latexit sha1_base64="5cPpsRHVE+mOFRWylXqigGMp4Qo=">AAAB8XicbVC7TgJBFL2LL8AXamkzkZjYSHZptCTaWGIijwgr3p2dhQmzs5uZWRNC+AsbCo2x9W/s/BsHsFDwJJOcnHNu5t4TpIJr47pfTm5tfWNzK18obu/s7u2XDg6bOskUZQ2aiES1A9RMcMkahhvB2qliGAeCtYLh9cxvPTGleSLvzChlfox9ySNO0Vjp/rwrbDbEh2qvVHYr7hxklXg/pFwrpNNHAKj3Sp/dMKFZzKShArXueG5q/DEqw6lgk2I30yxFOsQ+61gqMWbaH883npBTq4QkSpR90pC5+ntijLHWoziwyRjNQC97M/E/r5OZ6NIfc5lmhkm6+CjKBDEJmZ1PQq4YNWJkCVLF7a6EDlAhNbakoi3BWz55lTSrFc+teLe2jStYIA/HcAJn4MEF1OAG6tAAChKe4QVeHe1MnTfnfRHNOT8zR/AHzsc3GjySBg==</latexit><latexit sha1_base64="HknbgffeasYLnoRTRzy5IDAuE30=">AAAB8XicbVC7TsMwFL0pr7a8CowsFhUSC1XSBcYKFsYikbZqGyrHcVqrjhPZDqKK+hcsHUCIlYF/YeNrwH0M0HIkS0fnnCvfe/yEM6Vt+8vKra1vbG7lC8Xtnd29/dLBYUPFqSTUJTGPZcvHinImqKuZ5rSVSIojn9OmP7ye+s0HKhWLxZ0eJdSLcF+wkBGsjdQ+73KTDfB9tVcq2xV7BrRKnAUp1wrJpP3x+F3vlT67QUzSiApNOFaq49iJ9jIsNSOcjovdVNEEkyHu046hAkdUedls4zE6NUqAwliaJzSaqb8nMhwpNYp8k4ywHqhlbyr+53VSHV56GRNJqqkg84/ClCMdo+n5KGCSEs1HhmAimdkVkQGWmGhTUtGU4CyfvEoa1YpjV5xb08YVzJGHYziBM3DgAmpwA3VwgYCAJ3iGF0tZE+vVeptHc9Zi5gj+wHr/AfC+lCY=</latexit><latexit sha1_base64="HknbgffeasYLnoRTRzy5IDAuE30=">AAAB8XicbVC7TsMwFL0pr7a8CowsFhUSC1XSBcYKFsYikbZqGyrHcVqrjhPZDqKK+hcsHUCIlYF/YeNrwH0M0HIkS0fnnCvfe/yEM6Vt+8vKra1vbG7lC8Xtnd29/dLBYUPFqSTUJTGPZcvHinImqKuZ5rSVSIojn9OmP7ye+s0HKhWLxZ0eJdSLcF+wkBGsjdQ+73KTDfB9tVcq2xV7BrRKnAUp1wrJpP3x+F3vlT67QUzSiApNOFaq49iJ9jIsNSOcjovdVNEEkyHu046hAkdUedls4zE6NUqAwliaJzSaqb8nMhwpNYp8k4ywHqhlbyr+53VSHV56GRNJqqkg84/ClCMdo+n5KGCSEs1HhmAimdkVkQGWmGhTUtGU4CyfvEoa1YpjV5xb08YVzJGHYziBM3DgAmpwA3VwgYCAJ3iGF0tZE+vVeptHc9Zi5gj+wHr/AfC+lCY=</latexit><latexit sha1_base64="84XJjArd3VLISEQwoiHd/pS9ydU=">AAAB8XicbVC7TsMwFL0pr1JeBUYWiwqJhSrpAmMFC2OR6EO0oXIcp7XqOJF9g1RV/QsWBhBi5W/Y+BvcNgO0HMnS0TnnyveeIJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMkmmGW+yRCa6E1DDpVC8iQIl76Sa0ziQvB2MbmZ++4lrIxJ1j+OU+zEdKBEJRtFKDxc9abMhfaz1yxW36s5BVomXkwrkaPTLX70wYVnMFTJJjel6bor+hGoUTPJpqZcZnlI2ogPetVTRmBt/Mt94Ss6sEpIo0fYpJHP198SExsaM48AmY4pDs+zNxP+8bobRlT8RKs2QK7b4KMokwYTMzieh0JyhHFtCmRZ2V8KGVFOGtqSSLcFbPnmVtGpVz616d26lfp3XUYQTOIVz8OAS6nALDWgCAwXP8ApvjnFenHfnYxEtOPnMMfyB8/kD0EuQVA==</latexit>

�
<latexit sha1_base64="CXPe39CK23Htg5EU5MysrrDGjjQ=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrs22ohBG8sI5gHJEu7OziZDZmeXmVkhLAF/wcZCEVv/xN7Ov3HyKDTxwIXDOedyH0EquDau++0UVlbX1jeKm6Wt7Z3dvfL+QVMnmaKsQRORqHaAmgkuWcNwI1g7VQzjQLBWMLyZ+K0HpjRP5L0ZpcyPsS95xCkaK7W6wkZD7JUrbtWdgiwTb04qV5+ly0cAqPfKX90woVnMpKECte54bmr8HJXhVLBxqZtpliIdYp91LJUYM+3n03XH5MQqIYkSZUsaMlV/d+QYaz2KA5uM0Qz0ojcR//M6mYku/JzLNDNM0tmgKBPEJGRyOwm5YtSIkSVIFbe7EjpAhdTYD5XsE7zFk5dJ86zquVXvzq3UrmGGIhzBMZyCB+dQg1uoQwMoDOEJXuDVSZ1n5815n0ULzrznEP7A+fgBqr2RRg==</latexit><latexit sha1_base64="HW/3wbdjPpbyHMidkY+4KEpXRbM=">AAAB7nicbVC7SgNBFL0bX3F9RS1tBoNgFXZtTCMGbSwjmAckS5idnU2GzM4OM7NCWPIRNhaKWNj4J/Y24t84eRSaeODC4ZxzuY9QcqaN5307hZXVtfWN4qa7tb2zu1faP2jqNFOENkjKU9UOsaacCdowzHDaloriJOS0FQ6vJ37rnirNUnFnRpIGCe4LFjOCjZVaXW6jEe6Vyl7FmwItE39Oypcf7oV8+3LrvdJnN0pJllBhCMdad3xPmiDHyjDC6djtZppKTIa4TzuWCpxQHeTTdcfoxCoRilNlSxg0VX935DjRepSENplgM9CL3kT8z+tkJq4GORMyM1SQ2aA448ikaHI7ipiixPCRJZgoZndFZIAVJsZ+yLVP8BdPXibNs4rvVfxbr1y7ghmKcATHcAo+nEMNbqAODSAwhAd4gmdHOo/Oi/M6ixacec8h/IHz/gOcTJK6</latexit><latexit sha1_base64="HW/3wbdjPpbyHMidkY+4KEpXRbM=">AAAB7nicbVC7SgNBFL0bX3F9RS1tBoNgFXZtTCMGbSwjmAckS5idnU2GzM4OM7NCWPIRNhaKWNj4J/Y24t84eRSaeODC4ZxzuY9QcqaN5307hZXVtfWN4qa7tb2zu1faP2jqNFOENkjKU9UOsaacCdowzHDaloriJOS0FQ6vJ37rnirNUnFnRpIGCe4LFjOCjZVaXW6jEe6Vyl7FmwItE39Oypcf7oV8+3LrvdJnN0pJllBhCMdad3xPmiDHyjDC6djtZppKTIa4TzuWCpxQHeTTdcfoxCoRilNlSxg0VX935DjRepSENplgM9CL3kT8z+tkJq4GORMyM1SQ2aA448ikaHI7ipiixPCRJZgoZndFZIAVJsZ+yLVP8BdPXibNs4rvVfxbr1y7ghmKcATHcAo+nEMNbqAODSAwhAd4gmdHOo/Oi/M6ixacec8h/IHz/gOcTJK6</latexit><latexit sha1_base64="4vYNKaIKy0wscKboQxD5MSFj0fw=">AAAB7nicbVBNS8NAFHypX7V+VT16WSyCp5J40WPRi8cKpi20oWw2L+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtg4sDDPz2PcmzATXxnW/ncrG5tb2TnW3trd/cHhUPz7p6DRXDH2WilT1QqpRcIm+4UZgL1NIk1BgN5zczf3uEyrNU/lophkGCR1JHnNGjZW6A2GjER3WG27TXYCsE68kDSjRHta/BlHK8gSlYYJq3ffczAQFVYYzgbPaINeYUTahI+xbKmmCOigW687IhVUiEqfKPmnIQv09UdBE62kS2mRCzVivenPxP6+fm/gmKLjMcoOSLT+Kc0FMSua3k4grZEZMLaFMcbsrYWOqKDO2oZotwVs9eZ10rpqe2/Qe3EbrtqyjCmdwDpfgwTW04B7a4AODCTzDK7w5mfPivDsfy2jFKWdO4Q+czx87hY95</latexit>

1
<latexit sha1_base64="9+KJXuOQLcA4stmLR9g1gMFaPRk=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVbN6xZLbtmdiiyDN4fS1Wfh8hEAqt3iV6cXszRCaZigWrc9NzF+RpXhTOC40Ek1JpQNaR/bFiWNUPvZdNAxObFOj4Sxsk8aMnV/d2Q00noUBbYyomagF7OJ+V/WTk144WdcJqlByWYfhakgJiaTrUmPK2RGjCxQpridlbABVZQZe5uCPYK3uPIyNM7Knlv2am6pcg0z5eEIjuEUPDiHCtxCFerAAOEJXuDVuXeenTfnfVaac+Y9h/BHzscP6JWOfg==</latexit><latexit sha1_base64="Z8V04fZzeMezS1Yhxdn4BxtugQA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV8Tv5glf0JiKL4M+gcPnhXiTvX265k/9sdWOWRigNE1Trpu8lpp1RZTgTOHJbqcaEsgHtYdOipBHqdjYZdESOrdMlYazsk4ZM3N8dGY20HkaBrYyo6ev5bGz+lzVTE563My6T1KBk04/CVBATk/HWpMsVMiOGFihT3M5KWJ8qyoy9jWuP4M+vvAi106LvFf2KVyhdwVQ5OIQjOAEfzqAEN1CGKjBAeIAneHbunEfnxXmdli45s54D+CPn7QfaJI/y</latexit><latexit sha1_base64="Z8V04fZzeMezS1Yhxdn4BxtugQA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV8Tv5glf0JiKL4M+gcPnhXiTvX265k/9sdWOWRigNE1Trpu8lpp1RZTgTOHJbqcaEsgHtYdOipBHqdjYZdESOrdMlYazsk4ZM3N8dGY20HkaBrYyo6ev5bGz+lzVTE563My6T1KBk04/CVBATk/HWpMsVMiOGFihT3M5KWJ8qyoy9jWuP4M+vvAi106LvFf2KVyhdwVQ5OIQjOAEfzqAEN1CGKjBAeIAneHbunEfnxXmdli45s54D+CPn7QfaJI/y</latexit><latexit sha1_base64="1enTr8x+dPZYKeA2su7IqvnUdLk=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVa3qBac+vuAmSdeAWpQYHmoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx6IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP41GXKFzIipJZQpbm8lbEwVZcZmU7EheKsvr5P2Vd1z617LrTVuizjKcAbncAkeXEMD7qEJPjBAeIZXeHMenRfn3flYtpacYuYU/sD5/AF5XYyx</latexit>

1
<latexit sha1_base64="9+KJXuOQLcA4stmLR9g1gMFaPRk=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVbN6xZLbtmdiiyDN4fS1Wfh8hEAqt3iV6cXszRCaZigWrc9NzF+RpXhTOC40Ek1JpQNaR/bFiWNUPvZdNAxObFOj4Sxsk8aMnV/d2Q00noUBbYyomagF7OJ+V/WTk144WdcJqlByWYfhakgJiaTrUmPK2RGjCxQpridlbABVZQZe5uCPYK3uPIyNM7Knlv2am6pcg0z5eEIjuEUPDiHCtxCFerAAOEJXuDVuXeenTfnfVaac+Y9h/BHzscP6JWOfg==</latexit><latexit sha1_base64="Z8V04fZzeMezS1Yhxdn4BxtugQA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV8Tv5glf0JiKL4M+gcPnhXiTvX265k/9sdWOWRigNE1Trpu8lpp1RZTgTOHJbqcaEsgHtYdOipBHqdjYZdESOrdMlYazsk4ZM3N8dGY20HkaBrYyo6ev5bGz+lzVTE563My6T1KBk04/CVBATk/HWpMsVMiOGFihT3M5KWJ8qyoy9jWuP4M+vvAi106LvFf2KVyhdwVQ5OIQjOAEfzqAEN1CGKjBAeIAneHbunEfnxXmdli45s54D+CPn7QfaJI/y</latexit><latexit sha1_base64="Z8V04fZzeMezS1Yhxdn4BxtugQA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV8Tv5glf0JiKL4M+gcPnhXiTvX265k/9sdWOWRigNE1Trpu8lpp1RZTgTOHJbqcaEsgHtYdOipBHqdjYZdESOrdMlYazsk4ZM3N8dGY20HkaBrYyo6ev5bGz+lzVTE563My6T1KBk04/CVBATk/HWpMsVMiOGFihT3M5KWJ8qyoy9jWuP4M+vvAi106LvFf2KVyhdwVQ5OIQjOAEfzqAEN1CGKjBAeIAneHbunEfnxXmdli45s54D+CPn7QfaJI/y</latexit><latexit sha1_base64="1enTr8x+dPZYKeA2su7IqvnUdLk=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVa3qBac+vuAmSdeAWpQYHmoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx6IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP41GXKFzIipJZQpbm8lbEwVZcZmU7EheKsvr5P2Vd1z617LrTVuizjKcAbncAkeXEMD7qEJPjBAeIZXeHMenRfn3flYtpacYuYU/sD5/AF5XYyx</latexit>

1
<latexit sha1_base64="9+KJXuOQLcA4stmLR9g1gMFaPRk=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVbN6xZLbtmdiiyDN4fS1Wfh8hEAqt3iV6cXszRCaZigWrc9NzF+RpXhTOC40Ek1JpQNaR/bFiWNUPvZdNAxObFOj4Sxsk8aMnV/d2Q00noUBbYyomagF7OJ+V/WTk144WdcJqlByWYfhakgJiaTrUmPK2RGjCxQpridlbABVZQZe5uCPYK3uPIyNM7Knlv2am6pcg0z5eEIjuEUPDiHCtxCFerAAOEJXuDVuXeenTfnfVaac+Y9h/BHzscP6JWOfg==</latexit><latexit sha1_base64="Z8V04fZzeMezS1Yhxdn4BxtugQA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV8Tv5glf0JiKL4M+gcPnhXiTvX265k/9sdWOWRigNE1Trpu8lpp1RZTgTOHJbqcaEsgHtYdOipBHqdjYZdESOrdMlYazsk4ZM3N8dGY20HkaBrYyo6ev5bGz+lzVTE563My6T1KBk04/CVBATk/HWpMsVMiOGFihT3M5KWJ8qyoy9jWuP4M+vvAi106LvFf2KVyhdwVQ5OIQjOAEfzqAEN1CGKjBAeIAneHbunEfnxXmdli45s54D+CPn7QfaJI/y</latexit><latexit sha1_base64="Z8V04fZzeMezS1Yhxdn4BxtugQA=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxV8Tv5glf0JiKL4M+gcPnhXiTvX265k/9sdWOWRigNE1Trpu8lpp1RZTgTOHJbqcaEsgHtYdOipBHqdjYZdESOrdMlYazsk4ZM3N8dGY20HkaBrYyo6ev5bGz+lzVTE563My6T1KBk04/CVBATk/HWpMsVMiOGFihT3M5KWJ8qyoy9jWuP4M+vvAi106LvFf2KVyhdwVQ5OIQjOAEfzqAEN1CGKjBAeIAneHbunEfnxXmdli45s54D+CPn7QfaJI/y</latexit><latexit sha1_base64="1enTr8x+dPZYKeA2su7IqvnUdLk=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVa3qBac+vuAmSdeAWpQYHmoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx6IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP41GXKFzIipJZQpbm8lbEwVZcZmU7EheKsvr5P2Vd1z617LrTVuizjKcAbncAkeXEMD7qEJPjBAeIZXeHMenRfn3flYtpacYuYU/sD5/AF5XYyx</latexit>

��
<latexit sha1_base64="c8fu03cmC9CwY/z6422PfmcADVw=">AAAB8HicbVDLSgMxFL1TX219VV26CRbBjWXGTV0W3bisYB/SDjWTybShSWZIMkIZ+hVuFBRx6+e482/MtF1o64HA4Zxzyb0nSDjTxnW/ncLa+sbmVrFU3t7Z3duvHBy2dZwqQlsk5rHqBlhTziRtGWY47SaKYhFw2gnG17nfeaRKs1jemUlCfYGHkkWMYGOl+/M+t9kQlweVqltzZ0CrxFuQaqOUvDwAQHNQ+eqHMUkFlYZwrHXPcxPjZ1gZRjidlvuppgkmYzykPUslFlT72WzhKTq1SoiiWNknDZqpvycyLLSeiMAmBTYjvezl4n9eLzXRpZ8xmaSGSjL/KEo5MjHKr0chU5QYPrEEE8XsroiMsMLE2I7yErzlk1dJ+6LmuTXv1rZxBXMU4RhO4Aw8qEMDbqAJLSAg4Ale4c1RzrPz7nzMowVnMXMEf+B8/gAm2ZF2</latexit><latexit sha1_base64="gs3/aLc4YZSzsOL7KtMd9hxcbyU=">AAAB8HicbVDLSgMxFL1TX219VV26CRbBjWXGjS6LblxWsA9th5LJpG1okhmSjFiGfoUbBUXcuvFf3Pk1mmm70NYDgcM555J7TxBzpo3rfjm5peWV1bV8obi+sbm1XdrZbegoUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZDC8yv3lHlWaRvDajmPoC9yXrMYKNlW6OO9xmQ1zslspuxZ0ALRJvRsrVQvx0+3H/XeuWPjthRBJBpSEca9323Nj4KVaGEU7HxU6iaYzJEPdp21KJBdV+Oll4jA6tEqJepOyTBk3U3xMpFlqPRGCTApuBnvcy8T+vnZjemZ8yGSeGSjL9qJdwZCKUXY9CpigxfGQJJorZXREZYIWJsR1lJXjzJy+SxknFcyvelW3jHKbIwz4cwBF4cApVuIQa1IGAgAd4hhdHOY/Oq/M2jeac2cwe/IHz/gP9W5OW</latexit><latexit sha1_base64="gs3/aLc4YZSzsOL7KtMd9hxcbyU=">AAAB8HicbVDLSgMxFL1TX219VV26CRbBjWXGjS6LblxWsA9th5LJpG1okhmSjFiGfoUbBUXcuvFf3Pk1mmm70NYDgcM555J7TxBzpo3rfjm5peWV1bV8obi+sbm1XdrZbegoUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZDC8yv3lHlWaRvDajmPoC9yXrMYKNlW6OO9xmQ1zslspuxZ0ALRJvRsrVQvx0+3H/XeuWPjthRBJBpSEca9323Nj4KVaGEU7HxU6iaYzJEPdp21KJBdV+Oll4jA6tEqJepOyTBk3U3xMpFlqPRGCTApuBnvcy8T+vnZjemZ8yGSeGSjL9qJdwZCKUXY9CpigxfGQJJorZXREZYIWJsR1lJXjzJy+SxknFcyvelW3jHKbIwz4cwBF4cApVuIQa1IGAgAd4hhdHOY/Oq/M2jeac2cwe/IHz/gP9W5OW</latexit><latexit sha1_base64="jaZ0YO9udt4dWC3ZEOEi1KudcJ8=">AAAB8HicbVC7TsMwFL0pr1JeAUYWiwqJhSphgbGChbFI9IHaqHIcp7VqO5HtIFVRv4KFAYRY+Rw2/ganzQAtR7J0dM658r0nTDnTxvO+ncra+sbmVnW7trO7t3/gHh51dJIpQtsk4YnqhVhTziRtG2Y47aWKYhFy2g0nt4XffaJKs0Q+mGlKA4FHksWMYGOlx4sBt9kI14Zu3Wt4c6BV4pekDiVaQ/drECUkE1QawrHWfd9LTZBjZRjhdFYbZJqmmEzwiPYtlVhQHeTzhWfozCoRihNlnzRorv6eyLHQeipCmxTYjPWyV4j/ef3MxNdBzmSaGSrJ4qM448gkqLgeRUxRYvjUEkwUs7siMsYKE2M7Kkrwl09eJZ3Lhu81/Huv3rwp66jCCZzCOfhwBU24gxa0gYCAZ3iFN0c5L86787GIVpxy5hj+wPn8Adzoj8Q=</latexit>

V ⇡

0

BBBBBBBBBBBB@

1 � �3ei'

�� 1 �2

��3e�i' ��2 1

1

CCCCCCCCCCCCA

<latexit sha1_base64="L5BR9mZFUOXCs0ffc8rtTM9izA4="></latexit><latexit sha1_base64="HpRlp2sqJYAPEeV7AydieIGBmzI="></latexit><latexit sha1_base64="HpRlp2sqJYAPEeV7AydieIGBmzI="></latexit><latexit sha1_base64="R61M2kdD/TgFwqaLIBhwFRDtb+4="></latexit>

d
<latexit sha1_base64="VFuwgu+V5p0BTRBgWq/UWrlORlI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM1m0q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIphi2WiER1A6pRcIktw43AbqqQxoHATjC+m/mdJ1SaJ/LBTFL0YzqUPOKMGis1w0Gl6tbcOcgq8QpShQKNQeWrHyYsi1EaJqjWPc9NjZ9TZTgTOC33M40pZWM6xJ6lksao/Xx+6JScWyUkUaJsSUPm6u+JnMZaT+LAdsbUjPSyNxP/83qZiW78nMs0MyjZYlGUCWISMvuahFwhM2JiCWWK21sJG1FFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfH6Yzo</latexit><latexit sha1_base64="VFuwgu+V5p0BTRBgWq/UWrlORlI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM1m0q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIphi2WiER1A6pRcIktw43AbqqQxoHATjC+m/mdJ1SaJ/LBTFL0YzqUPOKMGis1w0Gl6tbcOcgq8QpShQKNQeWrHyYsi1EaJqjWPc9NjZ9TZTgTOC33M40pZWM6xJ6lksao/Xx+6JScWyUkUaJsSUPm6u+JnMZaT+LAdsbUjPSyNxP/83qZiW78nMs0MyjZYlGUCWISMvuahFwhM2JiCWWK21sJG1FFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfH6Yzo</latexit><latexit sha1_base64="VFuwgu+V5p0BTRBgWq/UWrlORlI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM1m0q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIphi2WiER1A6pRcIktw43AbqqQxoHATjC+m/mdJ1SaJ/LBTFL0YzqUPOKMGis1w0Gl6tbcOcgq8QpShQKNQeWrHyYsi1EaJqjWPc9NjZ9TZTgTOC33M40pZWM6xJ6lksao/Xx+6JScWyUkUaJsSUPm6u+JnMZaT+LAdsbUjPSyNxP/83qZiW78nMs0MyjZYlGUCWISMvuahFwhM2JiCWWK21sJG1FFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfH6Yzo</latexit><latexit sha1_base64="VFuwgu+V5p0BTRBgWq/UWrlORlI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM1m0q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIphi2WiER1A6pRcIktw43AbqqQxoHATjC+m/mdJ1SaJ/LBTFL0YzqUPOKMGis1w0Gl6tbcOcgq8QpShQKNQeWrHyYsi1EaJqjWPc9NjZ9TZTgTOC33M40pZWM6xJ6lksao/Xx+6JScWyUkUaJsSUPm6u+JnMZaT+LAdsbUjPSyNxP/83qZiW78nMs0MyjZYlGUCWISMvuahFwhM2JiCWWK21sJG1FFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfH6Yzo</latexit>

s
<latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit><latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit><latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit><latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit> b

<latexit sha1_base64="B8QOfSq5IKQ3NJiokTqrVfN3Ulk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AxOGM5g==</latexit><latexit sha1_base64="B8QOfSq5IKQ3NJiokTqrVfN3Ulk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AxOGM5g==</latexit><latexit sha1_base64="B8QOfSq5IKQ3NJiokTqrVfN3Ulk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AxOGM5g==</latexit><latexit sha1_base64="B8QOfSq5IKQ3NJiokTqrVfN3Ulk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AxOGM5g==</latexit>

u
<latexit sha1_base64="HdrHs+9WrEY+c6wp70bq3BGtMmw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A4a2M+Q==</latexit><latexit sha1_base64="HdrHs+9WrEY+c6wp70bq3BGtMmw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A4a2M+Q==</latexit><latexit sha1_base64="HdrHs+9WrEY+c6wp70bq3BGtMmw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A4a2M+Q==</latexit><latexit sha1_base64="HdrHs+9WrEY+c6wp70bq3BGtMmw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A4a2M+Q==</latexit>

c
<latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit><latexit sha1_base64="MK9TkR1XfIASB2dfp9XX0/+fbPE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/GZYzn</latexit>
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• A global campaign of O(1000) 
measurements conducted in the 
past 20+ years to experimentally 
explore the quark-flavor sector 

• The SM is sufficient to accommodate 
all quark-flavor phenomena observed 
so far (e.g. CKM picture of CP 
violation is self consistent) 

• Impressive, but let’s not overstate the 
implications: up to 20% deviations 
still unconstrained in most of the 
suppressed processes 

• LHCb and Belle II need to push the 
precision to the next level
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All consistent…
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…or maybe not?
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Measure
ment of

Angula
r and CP Asymmetries

in D0 → π+ π− μ+ μ
−

and D0 → K+ K− μ+ μ
− Decays

R. Aai
j et al.

*

(LHCb
Collab

oration
)

(Receiv
ed 28 June 2018;

publish
ed 30 August

2018)

The fir
st meas

uremen
ts of th

e forwa
rd-back

ward a
symme

try of t
he dim

uon pa
ir (AFB), t

he tripl
e-produ

ct

asymmetry
(A2ϕ),

and the charge
-parity

-conjug
ation asymm

etry (ACP
), in D0→ πþπ

−μþμ
− and D0→

KþK−μþμ
− decays

are rep
orted.

They are per
formed

using data fr
om proton-

proton
collisio

ns coll
ected

with th
e LHC

b exper
iment f

rom 2011 to
2016, c

orrespo
nding t

o a tota
l integr

ated lu
minosi

ty of5
fb−

1 . The

asymmetries
are me

asured
to be AFBðD

0→ πþπ
−μþμ

− Þ ¼ ð3.3% 3.7% 0.6Þ%, A2ϕðD
0→ πþπ

−μþμ
− Þ ¼

ð−0.6%
3.7% 0.6Þ%, ACP

ðD0→ πþπ
−μþμ

− Þ ¼ ð4.9% 3.8% 0.7Þ%, AFBðD
0→ KþK−μþμ

− Þ ¼

ð0% 11 % 2Þ%, A2ϕðD
0→ KþK−μþμ

− Þ ¼ ð9% 11 % 1Þ%, ACP
ðD0→ KþK−μþμ

− Þ ¼ ð0% 11 % 2Þ%,

where
the firs

t uncer
tainty i

s statis
tical an

d the se
cond sy

stemati
c. The

asymm
etries a

re also
measur

ed as a

functio
n of the

dimuon
invaria

nt mas
s. The

results
are consist

ent wit
h the standar

d model
predict

ions.

DOI: 1
0.1103

/PhysR
evLett.

121.09
1801

Decays
of charm

hadron
s into final s

tates contain
ing

muon
pairs may procee

d via the so-call
ed short-d

istance

c → uμþμ
− flavor-

changi
ng neu

tral-cur
rent pr

ocess.
In the

standar
d model

(SM) such
process

can only occur t
hrough

electro
weak loop transiti

ons tha
t are hi

ghly suppre
ssed by

the Gla
show-I

liopoul
os-Maiani m

echanis
m [1]. Th

e short
-

distanc
e contr

ibution
to the inc

lusive D
→ Xμ

þμ− branch
-

ing fraction
, where

X represe
nts one

or mor
e hadron

s, is

predict
ed to b

e Oð10−
9Þ [2]. Th

e branc
hing fr

action
can be

greatly
enhanc

ed if ne
w particle

s are ex
change

d in the
loop,

making
these decays

interes
ting for sea

rches for phy
sics

beyond
the SM. Howe

ver, the
SM branch

ing fraction
can

increas
e up to Oð10−

6Þ [2–5] becaus
e of long-di

stance

contrib
utions

occurri
ng through

tree-lev
el amplitu

des

involvi
ng interme

diate re
sonanc

es that
subseq

uently
decay

into μþμ
− . Hence,

the sensitiv
ity to the short-d

istance

amplitu
des is greates

t for d
imuon

masses
away from the

peaks o
f the re

sonanc
es, alth

ough resonan
ces pop

ulate th
e

entire
dimuon

-mass
spectru

m due to their long tails.

Additio
nal disc

riminat
ion bet

ween s
hort- an

d long-
distanc

e

contrib
utions

can be obtaine
d by studyin

g kinema
tic

correla
tions betwee

n final-st
ate particle

s of multibo
dy

decays
and charge

-parity
(CP) c

onjuga
tion asymm

etries.

These
asymm

etries a
re pred

icted to be neg
ligibly

small i
n

the SM but cou
ld be as large as Oð1%Þ in scenari

os of

physics
beyond

the SM [4–11].

The semilep
tonic four-bo

dy decays
D0→ hþh

−μþμ
−

(charge
-conjug

ated decays
are imp

lied unless
stated other-

wise),
where

h is eithe
r a pion

or a ka
on, are

describ
ed by

five indepe
ndent k

inemat
ic varia

bles (F
ig. 1):

the dimuon

invaria
nt mass,

mðμ
þμ− Þ, the dihadro

n invaria
nt mass,

mðh
þh− Þ. the angle

θμ betwee
n the μþ (μ− ) directio

n

and the directio
n opposi

te to the D0 (D̄0) meso
n in the

dimuon
rest frame,

the angle
θh betwee

n the hþ (h− )

directio
n and th

e direct
ion opp

osite to
theD

0 (D̄0) meso
n in

the dih
adron rest fra

me, an
d the ang

le ϕ betwee
n the two

planes
formed

by the dim
uon and the dih

adron system
s in

the res
t frame

of the
D0 meson

(the an
gle ϕ is zero

if the

two planes
are paralle

l). Am
ong all the

possibl
e angula

r

observ
ables th

at can
be con

structed
, the fo

rward-
backwa

rd

asymm
etry of the

dimuon
system

,

AFB
¼
Γðcos θμ

> 0Þ − Γðcos θμ
< 0Þ

Γðcos θμ
> 0Þ þ Γðcos θμ

< 0Þ
;

ð1Þ

and the triple-p
roduct

asymm
etry,

A2ϕ
¼
Γðsin2ϕ

> 0Þ − Γðsin2ϕ
< 0Þ

Γðsin2ϕ
> 0Þ þ Γðsin2ϕ

< 0Þ
;

ð2Þ

togethe
r with

the CP asymm
etry,

ACP
¼
ΓðD

0→ hþh
−μþμ

− Þ−ΓðD̄
0→ hþh

−μþμ
− Þ

ΓðD
0→ hþh

−μþμ
− ÞþΓðD̄

0→ hþh
−μþμ

− Þ
; ð3Þ

*Full au
thor lis

t given
at the

end of the
Letter.
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measurements (mostly) in the charm sector
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Focusing 
on charm



Why is charm charming? 

Unique, gives sensitivity to new 
physics coupling to up-type quarks 
(complementary to K and B(s) decays) 

Discovery tool, SM effects are <10–3 
or smaller, but predictions are difficult. 
Charm is not a precision probe 

Challenging, need >1M yields and 
control over systematic uncertainties 

Only recently reached sensitivity to 
discern SM from possible new physics 
effects

�13

NP?

NP?

ΔC=1

ΔC=2



Reach

  observables
CP-conserving
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CP-violating
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Reach of direct 
searches

�14



�15

Latest measurement of CP violation in 
charm oscillations



Oscillations

�16

• The eigenstates of the neutral-meson 
systems are a mixture of the flavor 
states and can have different masses 
and lifetimes 
 
 
 
 
 
 

• An initially produced P0 meson can 
then ‘‘oscillate’’ into a P0 (and vice-
versa) before it decays 

• If q and p are real, P1 and P2 are CP 
eigenstates and the oscillation rates for 
P0→P0 and P0→P0 are the same

__

_

The Alternating Gradient Synchrotron at BNL in 1959
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EVIDENCE FOR THE 2rr DECAY OF THE Km MESON*1

J. H. Christenson, J. W. Cronin, V. L. Fitch, and R. Turlay~
Princeton University, Princeton, New Jersey

(Received 10 July 1964)

PLAN VIEW

I root

VFEEEPEEEEPz

57 Ft. to =
internal target

Cerenkov

FIG. 1. Plan view of the detector arrangement.

This Letter reports the results of experimental
studies designed to search for the 2m decay of the
K, meson. Several previous experiments have
served"~ to set an upper limit of 1/300 for the
fraction of K2 's which decay into two charged pi-
ons. The present experiment, using spark cham-
ber techniques, proposed to extend this limit.
In this measurement, K,' mesons were pro-

duced at the Brookhaven AGS in an internal Be
target bombarded by 30-BeV protons. A neutral
beam was defined at 30 degrees relative to the

1 1circulating protons by a 1&-in. x 12-in. x 48-in.
collimator at an average distance of 14.5 ft. from
the internal target. This collimator was followed
by a sweeping magnet of 512 kG-in. at -20 ft. .
and a 6-in. x 6-in. x 48-in. collimator at 55 ft. A
1~-in. thickness of Pb was placed in front of the
first collimator to attenuate the gamma rays in
the beam.
The experimental layout is shown in relation to

the beam in Fig. 1. The detector for the decay
products consisted of two spectrometers each
composed of two spark chambers for track delin-
eation separated by a magnetic field of 178 kG-in.
The axis of each spectrometer was in the hori-
zontal plane and each subtended an average solid
angle of 0.7&& 10 steradians. The squark cham-
bers were triggered on a coincidence between
water Cherenkov and scintillation counters posi-
tioned immediately behind the spectrometers.
When coherent K,' regeneration in solid materials
was being studied, an anticoincidence counter was
placed immediately behind the regenerator. To
minimize interactions K2' decays were observed
from a volume of He gas at nearly STP.

Water

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion. In this detector the Ke3 decay
leads to a distribution in m* ranging from 280
MeV to -536 MeV; the K&3, from 280 to -516; and
the K&3, from 280 to 363 MeV. We emphasize
that m* equal to the E' mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, |9, between it and the
direction of the K,' beam were determined. This
angle should be zero for two-body decay and is,
in general, different from zero for three-body
decays.
An important calibration of the apparatus and

data reduction system was afforded by observing
the decays of K,' mesons produced by coherent
regeneration in 43 gm/cm' of tungsten. Since the
K,' mesons produced by coherent regeneration
have the same momentum and direction as the
K,' beam, the K,' decay simulates the direct de-
cay of the K,' into two pions. The regenerator
was successively placed at intervals of 11 in.
along the region of the beam sensed by the detec-
tor to approximate the spatial distribution of the
K,"s. The K,' vector momenta peaked about the
forward direction with a standard deviation of
3.4+0.3 milliradians. The mass distribution of
these events was fitted to a Gaussian with an av-
erage mass 498.1+0.4 MeV and standard devia-
tion of 3.6+ 0.2 MeV. The mean momentum of
the K,o decays was found to be 1100 MeV/c. At
this momentum the beam region sensed by the
detector was 300 K,' decay lengths from the tar-
get.
For the K,' decays in He gas, the experimental

distribution in m is shown in Fig. 2(a). It is
compared in the figure with the results of a
Monte Carlo calculation which takes into account
the nature of the interaction and the form factors
involved in the decay, coupled with the detection
efficiency of the apparatus. The computed curve
shown in Fig. 2(a) is for a vector interaction,
form-factor ratio f /f+= 0.5, and relative abun-
dance 0.47, 0.37, and 0.16 for the Ke3, K&3, and
Eg3 respectively. The scalar interaction has
been computed as well as the vector interaction
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indicates the peak of the phase space spectra (reference 5). The
vertical bars are average deviations of the mean.

the events listed in Table I are indeed examples of the
disintegration of a long-lived neutral particle.
A preliminary analysis of the data yields some in-

formation on the properties of the new particle.
(1) All but three of the forty-six secondaries are

determined to be lighter in mass than the E meson.
None can be protons. We have assumed that all are
pions, muons, or electrons. The identification of several
of the decay products as pions or electrons is indicated
in the table.
(2) We have considered various three-body decay

schemes, motivated by the observed charged E-meson
modes. In Fig. 1, we plot for assumed decay products
m+e+v and for ~+p+v, the variation of the average
computed mass (15 events were available) of the in-
coming primary as a function of its assumed velocity.
Permutations of the relevant combinations of x's, p's,
e's, and v's yield similar results. For example x+p, v',
p+x vo, p+e m, and x+e x are almost coincident. These
graphs emphasize .the conclusion that the resultant
incoming velocity distribution is kinematically sensible
only for primary masses near the E mass of 500 Mev. '
One may also infer that, for a E mass primary, mev
secondaries are more frequent than xpv or, say, p,ex.
(3) All but two of the events are kinematically in-

consistent with a A'-mass particle decaying into p,+e+E
or e+e+E.'
(4) Figure 2 illustrates the detection sensitivity as a

function of lifetime for a E-mass particle. Although

FIG. 2. Detection sensitivity for X mesons as function of life-
time. The composite curve is obtained with the spectra of reference
5. The point indicates the observed yield with a production cross
section of 20 yb/sterad.

the production cross section for E' mesons' has a large
uncertainty, comparison with the observed yield serves
to limit the lifetime to the range 10 ' sec)~)3X10 '
sec. The observed uniform distribution of events in the
chamber, together with Fig. 1 also sets a lower limit:
r&1X10 'sec. If the lifetime is on the short side of the
above interval, then it is likely that many of the
anomalous V"s observed in cosmic rays are examples
of this particle, and not alternate decay modes of the tII& .
At the present stage of the investigation one may

only conclude that Table I, Fig. 2, and Q* plots are
consistent with a Eo-type particle undergoing three-
body decay. In this case the mode mev is probably
prominent, e the mode mdiv and perhaps other combina-
tions may exist but are more dificult to establish,
and x+m x' is relatively rare. Although the Gell-Mann-
Pais predictions (I) and (II) have been confirmed, long
lifetime and "anomalous" decay mode are not sufhcient
to identify the observed particle with 82. In particular,
a neutral v meson, if three-pion decay has a small
branching ratio, may have these properties. A much
stronger test of particle mixtures must await the ob-
servation of nuclear interactions or of the striking inter-
ference eGects which are also predicted by Pais and
Piccioni, ' Treiman and Sachs, ' and Serber. "
The authors are indebted to Professor A. Pais whose

elucidation of the theory directly stimulated this re-
search. The eGectiveness of Cosmotron staff collabo-
ration is evidenced by the successful coincident opera-
tion of six magnets and the Cosmotron with the cloud
chamber.
* Supported by the U. S. Atomic Energy Commission and the

U. S. Atomic Energy Commission-Ofhce of Naval Research
Joint Program.' M. Gell-Mann and A. Pais, Phys. Rev. 97, 1387 (1955).

~ Further discussion of particle mixtures have been given by
A. Pais and O. Piccioni, Phys. Rev. 100, 932 (1955); G. Snow,
Phys. Rev. 103, 1111 (1956); S. Treiman and R. G. Sachs, Phys.
Rev. 103, 1545 (1956);K. Case, Phys. Rev. 103, 1449 (1956).

See Piccioni, Clark, Cool, Friedlander, and Kassner, Rev. Sci.
Instr. 26, 232 (1955).The ejected beam is focused by a quadrupole
magnet pair to a 3-in. diameter circle. Two bending magnets
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FIG. 1. Relation be-
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detection instruments is exponential for all beta-radio-
active isotopes in which single spectra are involved,
i.e., a single 6nal state and a single original state—this
is so even though the transition may be highly forbidden
as in the case of K".Table I gives data for typical beta-
radioactive isotopes of varying characteristics for
various absorbers.
It has been discovered that there is a particularly

simple relation between the half-thickness in aluminum
and the upper energy limit, E, of the beta spectrum
involved. This relation is shown graphically in Fig. 1
and is given by the following equation:

J; (mg/cm') =38X (El),
where E is the upper energy limit in Mev.
For other absorber materials the relation of Lerch'

should be used. It is that the absorption half-thickness
is inversely proportional to the expression

1+M/100,

where M is the mean atomic weight of the absorbing
material. The generality of the relation shown in Fig. 1
is considerable. It is to be noted, however, that the
most highly forbidden spectra, those of Cl" and K,
deviate somewhat.
It is important to this relation that the sample be

placed close to the counter wall and in cylindrical shape
with axis in common with that of the counter. It is
under these conditions that the absorption curves are
exponential and thus yield values of the half-thickness
or absorption coefficient. The earlier methods of
Feather and Bleuler and Zunti4 depend on the use of

nonexponential absorption curves and the determina-
tion of the total range of the radiation. The range-
energy relation is more complicated than Eq. (1)
which uses the absorption coefficient or half-thickness
under conditions of exponential absorption. The de-
pendence of the shape of the absorption curves on the
placement of the sample relative to the counter is
caused by scattering of the beta radiation.
*On leave as professor at The Enrico Fermi Institute for

Nuclear Studies, University of Chicago; presently a member of
the U. S. Atomic Energy Commission.' A. D. Suttle, Jr., and W. F.Libby, Anal. Chem. 27, 921 (1955).

~ W. F. Libby, Anal. Chem. 19, 2 (1947).' P. Lerch, Helv. Phys. Acta 26, 663 (1953).
'Expersmeata/ Naclear Physics, edited by E. Segre (John

Wiley and Sons, Inc. , New York, 1953), Vol. 1, pp. 298—301.

Observation of Long-Lived Neutral V
Particles*

K. LANDE, E. T. BoorH, J. IMPEDUGLIA, AND L. M. LEDERMAlv,
CoLumbia University, New York, New York

AND

%. CHj:xowsKY, Brookhaven NationaL Laboratory,
Upton, New York

(Received July 30, 1956)

HE application of rigorous charge conjugation in-
variance to strange particle interactions has led

to the prediction of rather startling properties for the
0'-meson state. ' Some of these are: (I) the existence of
a second neutral particle, 02', for which two-pion decay
is prohibited; (II) the consequent existence of a second

|P1,2i = p
��P 0

↵
± q

��P̄ 0
↵
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FIG. 2. (a) Experimental distribution in rn~ com-
pared with Monte Carlo calculation. The calculated
distribution is normalized to the total number of ob-
served events. (b) Angular distribution of those events
in the range 490 &m*&510 MeV. The calculated curve
is normalized to the number of events in the complete
sample.

with a form-factor ratio f /f+ =-6.6. The data
are not sensitive to the choice of form factors
but do discriminate against the scalar interac-
tion.
Figure 2(b) shows the distribution in cos8 for

those events which fall in the mass range from
490 to 510 MeV together with the corresponding
result from the Monte Carlo calculation. Those
events within a restricted angular range (cos8
&0.9995) were remeasured on a somewhat more
precise measuring machine and recomputed using
an independent computer program. The results of
these two analyses are the same within the re-
spective resolutions. Figure 3 shows the re-

0
0.9996 0.9997 0.9998 0.9999 I.OOOO

cos 8
FIG. 3. Angular distribution in three mass ranges

for events with cos0 & 0.9995.

suits from the more accurate measuring machine.
The angular distribution from three mass ranges
are shown; one above, one below, and one encom-
passing the mass of the neutral K meson.
The average of the distribution of masses of

those events in Fig. 3 with cos8 &0.99999 is
found to be 499.1 + 0.8 MeV. A corresponding
calculation has been made for the tungsten data
resulting in a mean mass of 498.1 + 0.4. The dif-
ference is 1.0+0.9 MeV. Alternately we may
take the mass of the E' to be known and compute
the mass of the secondaries for two-body decay.
Again restricting our attention to those events
with cos0&0.99999 and assuming one of the sec-
ondaries to be a pion, the mass of the other par-
ticle is determined to be 137.4+ 1.8. Fitted to a
Gaussian shape the forward peak in Fig. 3 has a
standard deviation of 4.0 + 0.7 milliradians to be
compared with 3.4+ 0.3 milliradians for the tung-
sten. The events from the He gas appear identi-
cal with those from the coherent regeneration in
tungsten in both mass and angular spread.
The relative efficiency for detection of the

three-body E, decays compared to that for decay
to two pions is 0.23. %e obtain 45+ 9 events in
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M12 and Γ12 determine the mass and width splittings ∆M and ∆Γ, respectively:

∆M ≡ M1 −M2 = 2Re

[

q

p
(M12 −

i

2
Γ12)

]

(15)

∆Γ ≡ Γ1 − Γ2 = −4Im

[

q

p
(M12 −

i

2
Γ12)

]

, (16)

and therefore the characteristics of D0-D0 mixing. We show the unmixed and mixed
intensities as a function of the dimensionless variable, Γt, for initially pure states of
K0, D0, B0 and Bs, in Figs. 3(a–d), respectively. Of the four lowest-lying neutral
pseudoscalar meson systems, the D0-D0 system shows the smallest mixing, as noted
earlier. In the K0 system, both |x| and |y| are both of order 1; in the D0 system,
|x| and |y| are both of order 1%; in the B0 and Bs systems, |x| ≫ |y|.
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Fig. 3. The unmixed (blue) and mixed (red) intensities for an initially pure (a) K0; (b) D0; (c)
B0; (d) Bs state. The vertical scale in (b) is logarithmic, the others linear. The values of the mixing
parameters as defined in Eqs. 1 and 2 are obtained using data from Ref. 19, assuming ||q/p| = 1.

From Eq. 9 (Eq. 10), the amplitude that a D0 (D0) produced at t = 0 will
develop into a linear combination of D0 and D0 and decay into f (f̄) at time t is:

⟨f |H|D0(t)⟩ = Afg+(t) + Āf
q

p
g−(t), (17)

⟨f̄ |H|D0(t)⟩ = Āf̄g+(t) +Af̄

p

q
g−(t), (18)

[arXiv:1209.5806]

Phenomenology

Blue line: 
   given a P0, at t=0, 
   the probability of  
   finding a P0 at t 

Red Line: 
   given a P0, at t=0, 
   the probability of  
   finding a P0 at t 

_

|⇥P 0(0)|P 0(t)⇤|2 � e��t [cosh(y�t) + cos(x�t)]

|⇤P 0(0)|P 0
(t)⌅|2 ⇥ e��t [cosh(y�t)� cos(x�t)] �17
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To compare the expected time distribution (1)with 
the observed distribution we require knowledge of the 
time-dependent acceptance of the apparatus e(r). This 
function has been calculated by a realistic simulation 
of the experiment using Monte Carlo m. ethods. The 
procedure simulates the production of K ° with the 
help of experimental K ° -~ n+n - data [10]. Details of 
the spark chamber performance such as the resolution 
and its angular dependence, and the local efficiency 
are derived frorfl the data sample. Particles undergo 
scattering in traversing matter or are absorbed. The full 
field map is used to track orbits through the magnet. 
The reliability of this simulation, is, however, only 
weakly dependent on either of these inputs, and on the 
precise location of the geometrical aperture of the de- 
tector. 

This is due to two design features of the apparatus: 
1) it accepts for each decay point K°-origins distri- 

butes over 5 K~ lifetimes and thereby smears out rela- 
tions between geometrical aperture and a given eigen- 
time; 

2) the frequency distribution of electrons over the 
cells of the Cerenkov counter and over the allowed 
phase space depends even more weakly on eigentime 
because of the preceding momentum analysis. 

We have done several tests to convince ourselves 
that this simulation gives a reliable acceptance func- 
tion including time resolution effects. 

The time distribution of K ° -~ r r + n  - events has 
been fitted with the result 

r s = (0.877 -+ 0.018) × 10-10s, (5) 

in good agreement wiht the world average [11 ]. 
Using I~3 data we have done two additional tests. 

The time dependence of the charge asymmetry in Ke°3 
decays follows from eq. (2) 
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K+π–

oscillation 
O(10–3)

CF decay 
O(1)

D0 D0
_

DCS decay 
O(10–3)
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K+π–

oscillation 
O(10–3)

CF decay 
O(1)

D0 D0
_

DCS decay 
O(10–3)

x0 = x cos � + y sin �
y0 = y cos � � x sin �

R(t) =
�(D0 ! K+⇡�|t)
�(D0 ! K�⇡+|t) ⇡ RD +

p
RDy0

✓
t

⌧

◆
+

x02 + y02

4

✓
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◆2
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Ratio of wrong-sign to right-sign rates:



Search for CP violation

• Measure separately the oscillation rates of initially 
produced D0 (+) and D0 (–) mesons 
 
 
 
 
 

• Different offsets reveal CP violation in DCS decay, 
different slopes reveal mixing-induced CP violation

�19

_

R± = R±
D +

q
R±

Dy0±t+
x02± + y02±

4
t2

R+
D 6= R�

D

x0± = |q/p|±1(x0 cos�± y0 sin�)

y0± = |q/p|±1(y0 cos�⌥ x0 sin�)

direct CPV
CPV in mixing or interference



Flavor at production

• How do I know if a D0 or a D0 was produced? 

• Profit from strong-interaction decay of D*(2010)+ mesons 
 
 
 
 
 
 
 

• Sacrifice ~85% in sample size, but gain flavor information and 
background rejection (because of the small Q-value)

�20

_

D0

π+

D*+

cd
_ cu

_

ud
_

positive π ⇒ D0
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The analysis in a nutshell
• Select WS and RS decays while suppressing all 
possible backgrounds 

• Determine signal yields in bins of decay time 
• Fit the ratio of WS/RS yields vs decay time to 
measure mixing parameters 

• Treat D*+ and D*– decays separately to search for 
CP violation



• 5 years of 7 to 13 TeV proton-
proton collisions at 40 MHz 

• About 10% of collisions yield a 
cc pair, O(104) per second are 
reconstructible and interesting 
for physics 

• Store 10-20% of them for 
analysis

�22

Charm at LHCb

_

Billions of charm decays!
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Silicon Vertex Locator: 
20 μm impact parameter resolution, 
corresponding to ~0.1τ decay-time 
resolution for a 2-body charm decay

D0

D*+ πs

π

K

IP

pp
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Silicon Vertex Locator: 
20 μm impact parameter resolution, 
corresponding to ~0.1τ decay-time 
resolution for a 2-body charm decay

Excellent tracking: 
Δp/p = 0.4-0.6% at 5-100 GeV/c, 
corresponding to ~8 MeV/c2 mass 

resolution for a 2-body charm decay
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Silicon Vertex Locator: 
20 μm impact parameter resolution, 
corresponding to ~0.1τ decay-time 
resolution for a 2-body charm decay

Excellent tracking: 
Δp/p = 0.4-0.6% at 5-100 GeV/c, 
corresponding to ~8 MeV/c2 mass 

resolution for a 2-body charm decay

LHCb Particle identification

4

Excellent pion-kaon-proton separation between 
2 and 100 GeV/c of momentum

RICH detectors: 
K-π separation in wide 
range of momentum

D0

D*+ πs

π

K

IP

pp
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D*→D0(→Kπ)πs signal vs backgrounds
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D*→D0(→Kπ)πs signal vs backgrounds

Cut tight on PID and D0 mass to reduce physics bkg and fit D0πs 
mass, then consider only signal and random pions in the fit
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Time-integrated yields

RS 
~180M

WS 
~720k

LHCb 5 fb–1
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Time-integrated yields

RS 
~180M

WS 
~720k

constraining D0πs vertex to measured 
position of primary vertex allows 
mass resolution of ~0.3 MeV/c2

LHCb 5 fb–1



Charm from beauty

• Once every 20 charm pairs a bb pair is produced. A large 
fraction of B decays into D, mimicking our signal 

• Secondary charm have a larger observed decay time 
because the B lifetime gets folded in  
 
 
 
 

• Introduce a bias that dilutes the oscillations
�26
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Charm from beauty
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• D from B have non-zero impact 
parameter 
 
 
 

• A pointing requirement reduces the 
secondary fraction to 1-10% depending 
on decay time 

• A systematic uncertainty corresponding 
to the maximum possible bias on the 
mixing is propagated to the result 

• Contamination is charge symmetric, 
effects on CP violation are marginal



Charm from beauty

• D from B have non-zero impact 
parameter 
 
 
 

• A pointing requirement reduces the 
secondary fraction to 1-10% depending 
on decay time 

• A systematic uncertainty corresponding 
to the maximum possible bias on the 
mixing is propagated to the result 

• Contamination is charge symmetric, 
effects on CP violation are marginal
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Peaking background

• Mass fits do not distinguish 
between signal and backgrounds 
which peak in D0πs mass 

• Such backgrounds are highly 
suppressed by tight PID 
requirements and reduced D0 mass 
window 

• Dominant residual contamination is 
from ~0.3% doubly mis-identified 
RS events in the WS sample 

• (Un)observed time-dependence is 
included as a possible bias in the fit
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Ghost soft pions

• Soft pions made of correctly matched 
clusters in the VELO+TT and unrelated 
clusters downstream of the magnet 

• Correct direction, but wrong momentum, 
cause a broad peaking structure at the 
D*+ mass 

• Also the charge is wrong ~50% of the 
times, which makes a RS candidate 
become a WS 

• Suppressed to 3% of the WS signal 
using a multivariate classifier based on 
low-level variables associated with track 
reconstruction
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4 Decay topology and data sample composition

accompanying soft pion is used to tag the flavour of the D
0, the flavour decision946

will be based on a random decision if the D
0 and ⇡s are produced independently.947

The fraction of random pion background can also be estimated statistically, as these948

decays feature di↵erent kinematical properties as far as the D
⇤+ candidates are949

considered.950

• Ghost pion background: It is possible that in the event reconstruction, VELO951

tracks of low momentum pions are associated with unrelated hits in the downstream952

tracking stations and form a ghost slow pion as schematically shown in Figure 4.3.953

Especially for particles with very low momentum, the magnitude of the reconstructed954

momentum and masses might stay almost unchanged, while the curvature of the955

trajecotry, used to infer the charge of the pion, might change sign. So if the VELO956

tracks are indeed coming from the true ⇡
+
s of the signal candidate, the D

0 flavour957

tag can be wrong. Ghost pions are the third background species which does not958

cause harm to the measurement of the branching fraction, however becomes relavant959

for the measurement of asymmetries that need tagging. A statistical separation from960

signals is not trivial. However, it has been shown in previous LHCb analyses [150]961

that this background can be suppressed to a negligible level by tight requirements962

of the ghost probability on the ⇡
+
s tracks.963

π+

π-

VELO

TT
Magnet OT

ghost π-

Figure 4.3: Schematic view of a ghost pion background candidate in the x-z plane. The red
stars indicate the hits in the tracking system used to reconstruct the ghost pion
(red dotted line). Hits in the downstream tracker caused by an unrelated ⇡� (green
solid line) are accidentaly combined with the VELO track of the ⇡+

s (black solid
line) from a signal decay. The charges of the ghost and original signal pions are of
opposite sign.

40

Ghost Background

I Peaking background from tracks that are successfully matched
to slow pion clusters in the VELO + TT, but incorrectly
matched to another track downstream.
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I If this happens you get the track direction correct, but its
momentum incorrect.

I Also get the charge wrong 50% of the time, so makes RS !
WS.

S. Harnew, J. Rademacker November 24, 2015 11 / 24
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Instrumental asymmetries

• K+π– and K–π+ final states are 
reconstructed with different 
efficiencies (mainly) because of 
the different interaction cross 
section with matter of K+ and K– 

• Ratio of efficiencies constrained 
from external measurement of 
kinematically weighted 
Cabibbo-favored D+ samples
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Introduction

• If we want to measure CP asymmetries in modes with an odd number 
of kaons*, then we need to measure the kaon detection asymmetry.

* Or modes with  a kinematically asymmetric K+K- pair (e.g. asl with Bs → Ds (→K*K)μνX) 

The updated RS/WS D0 → Kπ analysis will fit for RD+ and RD-, 
which requires external input for the K+π- detection asymmetry.

2Wednesday, February 13, 13

Chin. Phys. C 38 (2014) 090001

✏(K+⇡�)

✏(K=⇡+)
=

N(D� ! K+⇡�⇡�)

N(D+ ! K�⇡+⇡+)
⇥ N(D+ ! K0⇡+)

N(D� ! K0⇡�)
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Time-dependent WS/RS ratio
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Results

• World’s tightest bound on 
CP violation in mixing 
 
 
and on direct CP violation 
in DCS decays 
 

• Assuming no CP violation
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AD =
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D �R�
D

R+
D +R�

D

= (�0.1± 9.1)⇥ 10�3
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compatible with CP symmetry.
The fit uncertainties incorporate both statistical and systematic contributions. The

statistical uncertainty, determined in a separate fit by fixing all nuisance parameters
to their central values, dominates the total uncertainty. The systematic component
is obtained by subtraction in quadrature. The leading systematic uncertainty is due
to residual secondary-D⇤+ contamination and does not exceed half of the statistical
uncertainty. The second largest contribution is due to spurious soft pions. Smaller e↵ects
are due to peaking backgrounds for the CP -averaged results, and uncertainties in detector
asymmetries for the CP -violating results. All reported results, p-values, and the contours
shown in Fig. 3, include total uncertainties.

Direct CP violation would produce a nonzero intercept at t = 0 in the e�ciency-
corrected di↵erence of WS-to-RS yield ratios betweenD0 andD0 mesons shown in Fig. 2 (c).
We parametrize this e↵ect with the asymmetry measured in the fit that allows for direct
CP violation, AD ⌘ (R+

D �R�
D)/(R

+
D +R�

D) = (�0.1±8.1±4.2)⇥10�3, where the first
uncertainty is statistical and the second systematic. Indirect CP violation would result in a
time dependence of the e�ciency-corrected di↵erence of yield ratios, which is not observed
in Fig. 2 (c). From the results of the fit allowing for direct and indirect CP violation, a
likelihood for |q/p| is constructed using the relations x0± = |q/p|±1(x0 cos�± y0 sin�) and
y0± = |q/p|±1(y0 cos�⌥ x0 sin�). Confidence intervals are derived with a likelihood-ratio
ordering [27], assuming that the parameter correlations are independent of the true values

Table 1: Results of fits for di↵erent CP -violation hypotheses. The first contribution to the
uncertainties is statistical and the second systematic. Correlations include both statistical and
systematic contributions.

Results [10�3] Correlations
Direct and indirect CP violation

Parameter Value R+
D y0+ (x0+)2 R�

D y0� (x0�)2

R+
D 3.454± 0.040± 0.020 1.000 �0.935 0.843 �0.012 �0.003 0.002

y0+ 5.01± 0.64 ± 0.38 1.000 �0.963 �0.003 0.004 �0.003
(x0+)2 0.061± 0.032± 0.019 1.000 0.002 �0.003 0.003
R�

D 3.454± 0.040± 0.020 1.000 �0.935 0.846
y0� 5.54± 0.64 ± 0.38 1.000 �0.964
(x0�)2 0.016± 0.033± 0.020 1.000

No direct CP violation
Parameter Value RD y0+ (x0+)2 y0� (x0�)2

RD 3.454± 0.028± 0.014 1.000 �0.883 0.745 �0.883 0.749
y0+ 5.01± 0.48 ± 0.29 1.000 �0.944 0.758 �0.644
(x0+)2 0.061± 0.026± 0.016 1.000 �0.642 0.545
y0� 5.54± 0.48 ± 0.29 1.000 �0.946
(x0�)2 0.016± 0.026± 0.016 1.000

No CP violation
Parameter Value RD y0 x02

RD 3.454± 0.028± 0.014 1.000 �0.942 0.850
y0 5.28± 0.45 ± 0.27 1.000 �0.963
x02 0.039± 0.023± 0.014 1.000
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Impact on world average
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Plenty of progress in the last few years, mostly entirely 
driven by my measurements of WS D0→Kπ decays
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What next?



x is the key

• Available mixing measurements are 
mostly based on decays to two-
body final states 

• These are primarily sensitive to y 
(δKπ~10 deg) ⟹ x≤0 cannot be 
excluded 

• It is crucial to improve sensitivity on 
x as CP-violation observables are 
proportional to x sin𝜙 

• Need more measurements with 
multi-body final states
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Mixing with D0→KSπ+π–

• Multiple interfering amplitudes enhance the 
sensitivity to mixing and allows to measure 
directly x and y  
 
 

• Requires a time-dependent Dalitz-plot 
analysis 

• Pioneered by CLEO in 2005, then followed 
by B factories with larger yields 
• Belle D0→KSπ+π– result represents the 

best determination of x currently 
available 

• No precise measurement from LHCb yet 
(quite challenging at hadron colliders)
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Belle

ϱ

K*(892)–

K*(892)+

f0(980)

K0*(1430)–

K0*(1430)+

5

D-wave decays, we include 12 intermediate resonances
described by relativistic Breit-Wigner parameterizations
with mass dependent widths, Blatt-Weisskopf penetra-
tion factors as form factors and Zemach tensors for the
angular dependence [18]. For the ππ S-wave dynamics,
we adopt the K-matrix formalism with P -vector approx-
imation [19]. For the K0

Sπ S-wave, we follow the same
description as in Ref. [13]. We tested different decay am-
plitude models by adding or removing resonances with
small contributions or by using alternative parameteri-
zations.

The random πs background contains real D0 and D0

candidates; for these events, the charge of the πs is uncor-
related with the flavor of the neutral D. Thus the PDF is
taken to be (1− fw)|M(f, t)|2 + fw|M(f, t)|2, convolved
with the same resolution function as that used for the sig-
nal, where fw is the wrong-tagged fraction. We measure
fw by performing a fit to the candidates that populate
the Q sideband 3 MeV < |Q− 5.85 MeV| < 14.15 MeV,
resulting in fw = 0.511± 0.003. The DP and decay time
PDFs for combinatorial background are determined from
the M sideband (30 MeV/c2< |M−mD0 | < 50 MeV/c2).
The decay time PDF is described using the sum of a delta
function and an exponential component convolved by a
triple-Gaussian as a resolution function. We validate the
fitting procedure with fully simulated MC experiments.
The fitter returns the mixing parameters consistent with
the inputs for signal samples with and without back-
ground events included.
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Figure 2: Dalitz distribution and Dalitz variables (m2
+, m

2
−

and m2
ππ) projections for the selected data sample. The full

line represents the result of the fit described in the text.

We first perform a decay-time integrated fit to the DP
distribution by setting the amplitudes and phases for in-
termediate states free separately for D0 and D0 decays.
We observe that the two sets of parameters are consis-
tent and so, hereinafter, assume Af = Af . In our sub-
sequent fit to the data sample, we set the free parame-
ters to be (x, y), the D0 lifetime τ , the parameters of
the proper decay time resolution function, and the am-
plitude model parameters. We extract the mixing pa-
rameters x = (0.56 ± 0.19)% and y = (0.30 ± 0.15)%,
with the statistical correlation coefficient between x and
y of 0.012. We also determine the D0 mean lifetime τ
= (410.3± 0.6) fs, in agreement with the world aver-
age [17]. The projections of the DP distribution and
D0 proper time are shown in Figs. 2 and 3, respec-
tively. Table I lists the results for the DP resonance
parameters. To evaluate the fit quality of the amplitude
fit, we perform a two-dimensional χ2 test over the DP
plane, obtaining χ2/ndf=1.207 for 14264− 49 degrees of
freedom (ndf). The fit correctly reproduces the DP of
the data, with some small discrepancies at the dips of
the distribution in the central m2

ππ region (1.0GeV2/c4

< m2
ππ <1.3GeV2/c4).

Table II: Fit results for the mixing parameters x and y from
the CP -conserved fit and the CPV -allowed fit. The errors
are statistical, experimental systematic, and systematic due
to the amplitude model, respectively.

Fit type Parameter Fit result

No CPV x(%) 0.56± 0.19+0.03
−0.09

+0.06
−0.09

y(%) 0.30± 0.15+0.04
−0.05

+0.03
−0.06

CPV x(%) 0.56± 0.19+0.04
−0.08

+0.06
−0.08

y(%) 0.30± 0.15+0.04
−0.05

+0.03
−0.07

|q/p| 0.90+0.16
−0.15

+0.05
−0.04

+0.06
−0.05

arg(q/p)(◦) −6± 11±3+3
−4

We also search for CPV inD0/D0 → K0
Sπ

+π− decays.
The CPV parameters |q/p| and arg(q/p) are included
in the PDF. The values for the mixing parameters from
this fit are essentially identical to the ones from the CP -
conserved fit. The resulting CPV parameters are |q/p| =
0.90+0.16

−0.15 and arg(q/p) = (−6±11)◦ [∗]. The results from
the two fits are listed in Table II.

We consider several contributions to the experimen-

[∗] The correlations among the mixing and CPV parameters are:

Correlation coefficient

x y |q/p| arg(q/p)

x 1 0.054 -0.074 -0.031

y 1 0.034 -0.019

|q/p| 1 0.044

arg(q/p) 1

PD0 / e��t
�
|AD0 |2 � Re

⇥
A⇤

D0AD0(y + ix)
⇤
�t
 



D0→KSπ+π– at LHCb

• KS→π+π– are difficult to reconstruct in LHCb 

• In the early stages of the trigger only KS 
decaying inside the VELO (t < 0.5 𝜏Ks) can 
be reconstructed  

• Trigger relies mostly on the two pions from 
the D0 decay ⟹ non-uniform efficiency 
over the Dalitz plot (which is also 
correlated with the D0 decay time) 

• Could be overcome using D0 from semitonic 
b-hadron decays (where the muon charge 
provides the flavor tag) ⟹ reduced efficiency 
and larger background levels 

• A time-dependent amplitude analysis is very 
challenging at LHCb, Belle II seems much 
better suited for these kind of measurements
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4.3. Track reconstruction 51

VELO track

upstream track

T-track

long track

downstream track

VELO
TT

T-stations

Figure 4.6: Sketch of the di↵erent types of tracks. Figure taken from Ref. [53].

4.3 Track reconstruction

The track reconstruction is performed in three di↵erent stages. First, the pattern
recognition tries to identify measurements in the tracking detectors which one charged
particle initiates. All tracking detectors are either located outside of the magnetic
field (VELO) or inside the fringe field (TT and T -stations). Thus, the trajectories of
charged particles are to a good approximation straight lines in the tracking systems of
the LHCb detector. This and that they originate from the primary interaction region is
exploited by the pattern recognition algorithms. The momentum of a charged particle
is determined by measuring the slopes of its trajectory before and after the magnet.
The reconstructed tracks can be categorised into five distinct types, see Figure 4.6:

Long tracks are associated to particles which traverse the whole tracking system.
They contain measurements from the VELO, the T stations and optionally from
the TT. They have the best possible momentum and impact parameter6 resolution
and are the basis of most reconstructed decays. The momentum resolution varies
from 0.4% at 2GeV/c to 0.6% at 100GeV/c. The impact parameter resolution is
about 20µm for particles with pT > 2GeV/c.

Downstream tracks are built out of measurements from the TT and the T stations.
Their momentum resolution is comparable to long tracks for low momentum
particles but gets worse for high momentum particles. The impact parameter
resolution is significantly worse as the trajectory has to be propagated through
a part of the magnetic field. They are important to reconstruct the decays of
K

0
S mesons and ⇤ baryons as these often decay outside of the VELO due to their

relatively long lifetime.

Upstream tracks contain measurements from the VELO and the TT and belong to
charged particles that are bent out of the detector due to their relatively small

6The impact parameter is defined as the distance of closest approach between a particle trajectory
and the primary vertex. In the case of multiple primary vertices, usually the nearest is taken.

51

simulation
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• Projected statistical uncertainties 
assuming that LHCb can 
overcome the analysis challenges 
and that the current KS efficiency 
is kept during the upgrade 

• Systematic uncertainties due to 
the amplitude model are likely to 
limit the precision

[LHCb-PUB-2018-009]
[The Belle II Physics Book]
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D0→KSπ+π– with a model-independent approach

• Avoid amplitude analysis by 
integrating over Dalitz-plot bins 
with constant strong-phase 
variation  
 

• Constrain hadronic parameters 
(cb, sb) using measurements 
with quantum-correlated D0D0 
pairs, i.e. at CLEO and BESIII
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New idea, to be submitted for publication soon

LHCb-ANA-2015-027
August 31, 2018

v0.2

A novel approach for measuring

charm-mixing parameters using

D ! K0
S
⇡+⇡�

decays

A. Contu1, A. Di Canto2, J. Garra Ticó3, T. Gershon4, N. Jurik5, M. Martinelli2,
S. Stahl2, D. Tonelli6

1
INFN Cagliari,

2
CERN,

3
University of Cambridge,

4
University of Warwick,

5
University of Oxford,
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INFN Trieste

Abstract

We propose a novel method to measure charm-mixing and CP -violation parameters

using D ! K0
S⇡

+⇡�
decays. The approach does not require a fit of the decay

amplitudes and achieves an e�cient suppression biases due to nonuniform decay-

time acceptance. We fit the ratios of signal yields observed in regions of the

Dalitz plot symmetric about its bisector as functions of decay time and use a

partition of the Dalitz plot in bins that preserve nearly constant values of externally

constrained strong-interaction phases. In the limit of CP symmetry, we measure x =

(xxx±xxx(stat)±xxx(syst))% and y = (xxx±xxx(stat)±xxx(syst))%. Allowing for

CP violation in mixing and in the interference between mixing and decay, we measure

xCP = (xxx ± xxx(stat) ± xxx(syst))%, yCP = (xxx ± xxx(stat) ± xxx(syst))%,

�x = (xxx± xxx(stat)± xxx(syst))% and �y = (xxx± xxx(stat)± xxx(syst))%.
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Bin-flip method

• Inspired by the WS D0→Kπ 
analysis: ratio of events in bin –b 
to events in bin b to suppress  
effects due to non-uniform 
efficiency variations 
 

• Model-independent and 
(potentially) completely data driven 

• Comes with the price of degraded 
sensitivity to mixing effects from 
CP-even/odd amplitudes
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Pseudodata based on 
BaBar amplitude model 

[PRL 105 (2010) 081803]

Rb ⇡ rb +
p
rb
⇥
(1� rb)cb y � (1 + rb)sb x

⇤
�t
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rb =
F�b

Fb
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https://doi.org/10.1103/PhysRevLett.105.081803


Sensitivity study

• Generated 1M signal-only D0→KSπ+π– decays using the BaBar amplitude 
model and compared sensitivity to x and y with different analysis methods 
(all other nuisance parameters fixed) 
 
 
 
 

• Bin-flip method gives better sensitivity to x than the original model-
independent method 

• Fit mixing parameters separately for D0 and D0 decays to search for CP 
violation
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x �! x± = xCP ±�x

y �! y± = yCP ±�y
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Analysis method �(x) �(y)
Model-dependent 0.11% 0.10%
Original model-independent 0.20% 0.18%
Bin-flip model-independent 0.15% 0.29%

Table 1: Expected statistical sensitivities from 10
6
signal-only candidates gen-

erated according to the BaBar 2010 amplitude model, in the “world-average

mixing without CP violation” scenario, and fit with di↵erent analysis methods

assuming no CP violation. For each method, only the mixing parameters are

allowed to float in the fit.
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_



NM = no mixing, WM = world-average mixing, LM = large mixing 
WCP = WM + world average CPV, MCP = WM + CPV in mixing only

Sensitivity study
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Releasing the nuisance parameters
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• So far shown results when only x and y are free to float in the fit, 
but in real life one would need to fit also for rb, cb and sb 
 
 
 
 
 

• Uncertainties on the external inputs from CLEO (cb, sb) have a 
marginal impact on the results (with CP-violation parameters 
practically unaffected) with O(1M) signal yields 

• BESIII has already ~3.5× CLEO statistics and expects to collect at 
least a factor 3 more within the next 2-3 years (10 fb–1 in total)

Fit configuration �(xCP ) �(yCP ) �(�x) �(�y)
rb, (cb, sb) fixed 0.15% 0.29% 0.15% 0.29%
rb free, (cb, sb) fixed 0.21% 0.41% 0.15% 0.29%
rb fixed, (cb, sb) constrained 0.16% 0.30% 0.16% 0.31%
rb free, (cb, sb) constrained 0.22% 0.43% 0.16% 0.31%
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Expected impact on world average
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• Assuming a bin-flip analysis with 5-50M signal decays 
(i.e. ~5-50ab–1 of Belle II data) and improved BESIII 
measurement of (cb, sb)
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Conclusions



Final remarks

• Quark-flavor physics allows to explore some of the deepest questions at the 
intersection of particle physics and cosmology 

• Focused mostly on charm because of its unique reach 

• The SM didn’t crack… but I’m contributing to further its understanding 
(while having quite some fun) 

• Keep pushing the reach with novel measurements and ideas 

• 10× more precise results at Belle II and LHCb in the next decade may 
reveal unambiguous signs of beyond-SM physics 

• Time seems particularly fitting: LHC expected exciting high-pT physics and 
boring flavor physics. Looks like it’s going the other way around… 

• Flavor is more compelling than ever. Our best (only?) probe for 10–106 TeV 
energies in the next decade and beyond
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