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Introduc<on

Charm discovery Not yet 50!



• 1964, James Bjorken and Sheldon Glashow speculated on "charm" as a new quantum number

• In 1970, Glashow, John Iliopoulos, and Luciano Maiani proposed a new quark classified by the charm quantum 
number. The charmed quark could provide a mechanism – the GIM mechanism

Charm - theory predictions



<latexit sha1_base64="2s6ivQSKOfX7faUUUruvjjYf0RM=">AAAB+3icbVDLSsNAFL3xWesr1qWbYBEEsSRS1GXBjeCmgn1Ak5bJdNIOnZmEmYlYSn/FjQtF3Poj7vwbp2kW2npghsM593LvPWHCqNKu+22trK6tb2wWtorbO7t7+/ZBqaniVGLSwDGLZTtEijAqSENTzUg7kQTxkJFWOLqZ+a1HIhWNxYMeJyTgaCBoRDHSRurZpbuu6+vY8XnaPcv+855ddituBmeZeDkpQ456z/7y+zFOOREaM6RUx3MTHUyQ1BQzMi36qSIJwiM0IB1DBeJEBZNs96lzYpS+E8XSPKGdTP3dMUFcqTEPTSVHeqgWvZn4n9dJdXQdTKhIUk0Eng+KUuaYY2dBOH0qCdZsbAjCkppdHTxEEmFt4iqaELzFk5dJ86LiXVaq99VyrZrHUYAjOIZT8OAKanALdWgAhid4hld4s6bWi/VufcxLV6y85xD+wPr8AUIek0I=</latexit>

K0 ! µ+µ� <latexit sha1_base64="HCIG/AdSMUofI4EF90RnT0kXsS4=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgETyWRoh4LXgQvFewHNLFstpt26WYTdidKCb148a948aCIV/+DN/+Nm7YHbX0w8Hhvhpl5QSK4Bsf5tgpLyyura8X10sbm1vaOvbvX1HGqKGvQWMSqHRDNBJesARwEayeKkSgQrBUML3O/dc+U5rG8hVHC/Ij0JQ85JWCkrn14fed4goWgeH8ARKn4AXsBUdjopa5ddirOBHiRuDNSRjPUu/aX14tpGjEJVBCtO66TgJ8RBZwKNi55qWYJoUPSZx1DJYmY9rPJF2N8bJQeDmNlSgKeqL8nMhJpPYoC0xkRGOh5Lxf/8zophBd+xmWSApN0uihMBYYY55HgHleMghgZQqji5lZMB0QRCia4PAR3/uVF0jytuGeV6k21XKvO4iiiA3SETpCLzlENXaE6aiCKHtEzekVv1pP1Yr1bH9PWgjWb2Ud/YH3+ABEpl5s=</latexit>

K0 $ K̄0

• finite amplitude of order m2
c - m2

u ≈ 3 − 4 GeV 2 (Ioffe and Shabalin)

• vanishes for mc= mu
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mc ' 1.5GeV• predic<on for charm quark mass

Why important?
• Help to establish weak interac<ons quark le`-handed doublets 
• Quark-lepton symmetry 
• Quark mixing matrix U  is real, due to suitable redefini<ons of the rela<ve phases of the quarks 
makes U real and orthogonal (Cabibbo angle); no CP viola<on

• Charmed particles should be found!

Why this decay amplitude is suppressed! 

1970: 

• GIM: FCNC processes arise to order 
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O(m2
c)

GIM mechanism



Experiment “November revolu<on” 1974

J/ψ discovery 

BNL: J.J. Auber et al,  PRL 33 (1974) 1404 

SLAC: J.-E. Augustin et al, PRL (1974) 1406 
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m(J/ ) = 3096.9± 0.006MeV
<latexit sha1_base64="d1p56X5+5xejyraHBtauBH/9Qqc="></latexit>

�(J/ ) = 92.6± 1.7 keV
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IG(JPC) = 0�(1��)

J/

1976 Nobel prize in Physics 

Burton Richter Samuel Chao Chung Ting



A`er 1974 many charm hadrons 

From M. Petran et al, Computer Physics Communica3ons 185, (2014), 2056

Exo<c mul<-quark states 

X(3872), X(3915), Y(4220), Zc(3900), Zc(4020), Z(4430)…

https://www.sciencedirect.com/journal/computer-physics-communications
https://www.sciencedirect.com/journal/computer-physics-communications/vol/185/issue/7


SM interac<ons in CHARM PHYSICS

QCD 

To understand spectra  of hadronic states containing one, two charm quarks

Processes with charm quarks,  e.g. strong decays 
Charm quark presence in nucleons
Charmed hadron life<mes 

From quark models to 
La2ce QCD 

QCD contribu<ons in weak processes, 
charm mesons, nonleptonic, semileptonic and leptonic decays,

in                      oscilla<ons
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D0 � D̄0

<latexit sha1_base64="4BMR1Vxf/nL9l19NE7VVyJHLP3M="></latexit>

�C = 1

<latexit sha1_base64="7kG4YxY9lZCtVP2E4z01vLWO5UU="></latexit>

�C = 2

Charm quark in high energy processes (LHC and at future colliders)



Hadronic spectra 

The idea of quarks, with mesons as q q̄ and baryons as qqq.
He also pointed out the possibility of mul<quark states q q̄ q̄q mesons and 
q q̄qqq baryons. 

Gell-Mann (1964)

R.R Jaffe (1977) 

Mul<-Hadrons – MIT bag model

“Mul<quark states with heavy quarks are very different. This is where QCD dynamics enters. To 
paraphrase Orwell: all quarks are equal, but the heavy quarks are more equal then others.”
Brambilla et al., 2203.16583 

See talks Polosa, Collins, Spradin, Ortega



Neubert, hep-ph/9610266 



• advantage of having  heavy quarks c and b in muliti-quark states:
the large mass of the heavy quarks greatly reduces their kinetic energy, making it 
easier for them to form  multiquark clusters with the light quarks. 

• the internal structure of many such heavy-light systems likely provides a natural mechanism 
resul<ng in a narrow width 

• the attraction between two heavy quarks scales like αs
2mQ, growing approximately linearly 

with the heavy quark mass 

• theore<cal frameworks for exo<cs rely in one way or another on ΛQCD/mb,c≪ 1 

• Being heavy mb,c can be treated as nonrela<vis<c, (poten<al models, la2ce calcula<ons ) 

• The scale mb,c is heavy enough to belong to the asympto<c freedom region of QCD, 
allowing for an operator expansion in powers of 1⁄ mb,c

(heavy-quark spin effec<ve theory, QCD sum rules) 





Charmonium(like) resonances and bound states Charmonium(like) resonances and bound states 

Sasa Prelovsek                                 Hadron spectroscopy from lattice 9
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χc0(3930)

ψ(3770)
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1- - 1- - 3- -3- -

predicted in models [Oset et al,  
0612179 PRD, Hildago Duque et al 
1305.4487, Baru et al 1605.09649 PLB] 

seen in dispersive analysis of exp. 
data [Deineka, Danilkin et al 2111.15033]

S.P. , Collins,  Padmanath, Mohler, Piemonte

2011.02541 JHEP, 1905.03506 PRD, 2111.02934
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D̄D JP=0+ state
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D̄sDs JP=0+ state 

likely related to X(3915) / ""0 (3930)
[BaBar,  LHCb 2009.00026]; explaining why 
it has narrow width to DD. Predicted
by Lebed, Polosa  1602.08421 

+ expected conventional charmonia
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m⇡'280 MeV
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D̄sDs JP = 0+

likely related to X(3915) / 𝜒𝑐0 (3930) 
[BaBar, LHCb 2009.00026]; explaining why 
it has narrow width to DD. Predicted by 
Lebed, Polosa 1602.08421 
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D̄D JP = 0+

predicted in models [Oset et al, 
0612179 PRD, Hildago Duque et al 
1305.4487, Baru et al 1605.09649 
PLB] 
seen in dispersive analysis of exp. 
data [Deineka, Danilkin et al 
2111.15033] 

Charmonium(like) resonances and bound states 

Sasa Prelovsek                                 Hadron spectroscopy from lattice 9
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I=0

Prelovsek , Collins, Padmanath, Mohler, Piemonte 2011.02541 , 1905.03506 , 2111.02934 

Lattice QCD: nonperturbative approach to QCD 

Courtesy of Saša Prelovsek



Doubly charm tetraquark Tcc from la2ce QCD 

Other                     and  JP

Sasa Prelovsek                                 Hadron spectroscopy from lattice 13

<latexit sha1_base64="7lltJ+1Cb9bQ9wALxOVfP2sEnAU=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCUGakqMuiG5ct2Ad0xpLJ3GlDMw+TjFCGfoQbf8WNC0XcunDn35hOZ6GtBxIO59x7c3O8hDOpLOvbWFpeWV1bL22UN7e2d3bNvf22jFNBoUVjHouuRyRwFkFLMcWhmwggoceh442up37nAYRkcXSrxgm4IRlELGCUKC31zdPMyYdkAvwJbjbvnESwELDjEYHvZ3ehTfpmxapaOfAisQtSQQUaffPL8WOahhApyomUPdtKlJsRoRjlMCk7qYSE0BEZQE/TiIQg3SzfZ4KPteLjIBb6RArn6u+OjIRSjkNPV4ZEDeW8NxX/83qpCi7djEVJqiCis4eClGMV42lC2GcCqOJjTQgVTO+K6ZAIQpXOsaxDsOe/vEjaZ1X7vFpr1ir1qyKOEjpER+gE2egC1dENaqAWougRPaNX9GY8GS/Gu/ExK10yip4D9AfG5w8aq57c</latexit>

QQ0q̄q̄0

Theoretically expected near or above threshold

States near or above threshold have to be identified as poles in scattering T(E)

<latexit sha1_base64="vMMxKNOr8Z717yEN/M/RCjNmFnM=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCExVQmqgLGChbFI9CE1UeU4TmvVcSI/kKqoMwu/wsIAQqx8ARt/g5tmgJYj2To6597r6xNmjErlut9WZWV1bX2jumlvbe/s7jn7Bx2ZaoFJG6csFb0QScIoJ21FFSO9TBCUhIx0w/HNzO8+ECFpyu/VJCNBgoacxhQjZaSBcwxzv5iSh0yTKQwx9EMkYFTcemrDgVNz624BuEy8ktRAidbA+fKjFOuEcIUZkrLvuZkKciQUxYxMbV9LkiE8RkPSN5SjhMggL5aYwlOjRDBOhTlcwUL93ZGjRMpJEprKBKmRXPRm4n9eX6v4Ksgpz7QiHM8fijWDKoWzXGBEBcGKTQxBWFCzK8QjJBBWJj3bhOAtfnmZdM7r3kW9cdeoNa/LOKrgCJyAM+CBS9AEt6AF2gCDR/AMXsGb9WS9WO/Wx7y0YpU9h+APrM8frgiZmw==</latexit>

bcd̄ū
<latexit sha1_base64="VPmtCcaBgNT3mv9Y0VjTogePY6M=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCExVQmqgLGChbFI9CE1UeU4TmvVcSI/kKqoMwu/wsIAQqx8ARt/g5tmgJYj2To6597r6xNmjErlut9WZWV1bX2jumlvbe/s7jn7Bx2ZaoFJG6csFb0QScIoJ21FFSO9TBCUhIx0w/HNzO8+ECFpyu/VJCNBgoacxhQjZaSBcwxzv5iSh0yTKcQY+iESMCpuPbXhwKm5dbcAXCZeSWqgRGvgfPlRinVCuMIMSdn33EwFORKKYkamtq8lyRAeoyHpG8pRQmSQF0tM4alRIhinwhyuYKH+7shRIuUkCU1lgtRILnoz8T+vr1V8FeSUZ1oRjucPxZpBlcJZLjCigmDFJoYgLKjZFeIREggrk55tQvAWv7xMOud176LeuGvUmtdlHFVwBE7AGfDAJWiCW9ACbYDBI3gGr+DNerJerHfrY15ascqeQ/AH1ucPr52ZnA==</latexit>

ccd̄ū

Doubly charm tetraquark Tcc
<latexit sha1_base64="eRuFUwuxdmX6X98IyRVgbii+/To=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9ycIOFMG9f9dkorq2vrG+XNytb2zu5edf+grWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb2Z+55EqzaS4N5OE+jEeChYxgo2VHgjpB1ihMO/poFpz624OtEy8gtSgQHNQ/eqHkqQxFYZwrHXPcxPjZ1gZRjidVvqppgkmYzykPUsFjqn2s/zqKTqxSogiqWwJg3L190aGY60ncWAnY2xGetGbif95vdREV37GRJIaKsj8oSjlyEg0iwCFTFFi+MQSTBSztyIywgoTY4Oq2BC8xS8vk/ZZ3buon9+d1xrXRRxlOIJjOAUPLqEBt9CEFhBQ8Ayv8OY8OS/Ou/MxHy05xc4h/IHz+QPKoZIQ</latexit>

ccd̄ū

LHCb 2109.01038, 2109.01056

<latexit sha1_base64="t5I/qc0R2RKmEeHAjqbPNX5bZRA=">AAACFHicbVDLSgNBEJyNrxhfUY9eBoMgiGFXQ/QiBL14ESKYB2SXZXbSSYbM7C4zs0JY4j948Ve8eFDEqwdv/o2Tx0ETCxqKqm66u4KYM6Vt+9vKLCwuLa9kV3Nr6xubW/ntnbqKEkmhRiMeyWZAFHAWQk0zzaEZSyAi4NAI+lcjv3EPUrEovNODGDxBuiHrMEq0kfz8kdsGrgkWfhpHHIYX+NgunpbdWGC7aJceXEF0T4r0BupDP18w2hh4njhTUkBTVP38l9uOaCIg1JQTpVqOHWsvJVIzanbl3ERBTGifdKFlaEgEKC8dPzXEB0Zp404kTYUaj9XfEykRSg1EYDpHN6pZbyT+57US3Tn3UhbGiYaQThZ1Eo51hEcJ4TaTQDUfGEKoZOZWTHtEEqpNjjkTgjP78jypnxSdcrF0WypULqdxZNEe2keHyEFnqIKuURXVEEWP6Bm9ojfryXqx3q2PSWvGms7soj+wPn8AYRidKw==</latexit>

�mpole = �0.36± 0.04 MeV

<latexit sha1_base64="j7tZL4+loHwool7LvHdsfPHdzlk=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFqBZLIkXdCEVduKxgL9DWMplM2qEzSZiZCCVk6cZXceNCEbc+gjvfxmmahVp/GPj4zzmcOb8TMiqVZX0Zubn5hcWl/HJhZXVtfcPc3GrKIBKYNHDAAtF2kCSM+qShqGKkHQqCuMNIyxldTuqteyIkDfxbNQ5Jj6OBTz2KkdJW39ztuoQpBPk5Pyrxfnx1Fx+Wk6ScopUc9M2iVbFSwVmwMyiCTPW++dl1Axxx4ivMkJQd2wpVL0ZCUcxIUuhGkoQIj9CAdDT6iBPZi9NDErivHRd6gdDPVzB1f07EiEs55o7u5EgN5d/axPyv1omUd9aLqR9Givh4usiLGFQBnKQCXSoIVmysAWFB9V8hHiKBsNLZFXQI9t+TZ6F5XLFPKtWbarF2kcWRBztgD5SADU5BDVyDOmgADB7AE3gBr8aj8Wy8Ge/T1pyRzWyDXzI+vgGmX5h5</latexit>

�m = m� (mD⇤+ +mD0)
D*+D0 D*0D+

<latexit sha1_base64="L/LTANhmX+XEQZFyjWOhObz+dPw=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQEUoiRV0WFXRZwT6gSctkOmmHziRhZiKUUDdu/BU3LhRx6ze482+ctFlo62EGDufcy733eBGjUlnWt5FbWFxaXsmvFtbWNza3zO2dhgxjgUkdhywULQ9JwmhA6ooqRlqRIIh7jDS94WXqN++JkDQM7tQoIi5H/YD6FCOlpa65DyEvXXUs/ZyIdo6PHhyO1EDw5Jo0xl2zaJWtCeA8sTNSBBlqXfPL6YU45iRQmCEp27YVKTdBQlHMyLjgxJJECA9Rn7Q1DRAn0k0mZ4zhoVZ60A+F/oGCE/V3R4K4lCPu6cp0RznrpeJ/XjtW/rmb0CCKFQnwdJAfM6hCmGYCe1QQrNhIE4QF1btCPEACYaWTK+gQ7NmT50njpGyfliu3lWL1IosjD/bAASgBG5yBKrgBNVAHGDyCZ/AK3own48V4Nz6mpTkj69kFf2B8/gD0gZeT</latexit>

m(D0D0⇡+) GeV

+

likely dominant

Theoretical predictions for Tcc mass (I=0, JP=1+)

<latexit sha1_base64="3s4x+WoMn0nFb9Jf1bFhHUiUxiE=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8FQSKeqx6MWLUMF+QBLKZjttl+4mYXcjlFAP/hUvHhTx6s/w5r9x0+agrQ8GHu/NMDMvTDhT2nG+raXlldW19dJGeXNre2fX3ttvqTiVFJo05rHshEQBZxE0NdMcOokEIkIO7XB0nfvtB5CKxdG9HicQCDKIWJ9Roo3UtQ/9HnBNsHj0BdFDKTLvFlrBpGtXnKozBV4kbkEqqECja3/5vZimAiJNOVHKc51EBxmRmlEOk7KfKkgIHZEBeIZGRIAKsukDE3xilB7ux9JUpPFU/T2REaHUWISmM79SzXu5+J/npbp/GWQsSlINEZ0t6qcc6xjnaeAek0A1HxtCqGTmVkyHRBKqTWZlE4I7//IiaZ1V3fNq7a5WqV8VcZTQETpGp8hFF6iOblADNRFFE/SMXtGb9WS9WO/Wx6x1ySpmDtAfWJ8/9jiWqA==</latexit>

�m [MeV] references at the back

D*0D+

Other                     and  JP

Sasa Prelovsek                                 Hadron spectroscopy from lattice 13

<latexit sha1_base64="7lltJ+1Cb9bQ9wALxOVfP2sEnAU=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCUGakqMuiG5ct2Ad0xpLJ3GlDMw+TjFCGfoQbf8WNC0XcunDn35hOZ6GtBxIO59x7c3O8hDOpLOvbWFpeWV1bL22UN7e2d3bNvf22jFNBoUVjHouuRyRwFkFLMcWhmwggoceh442up37nAYRkcXSrxgm4IRlELGCUKC31zdPMyYdkAvwJbjbvnESwELDjEYHvZ3ehTfpmxapaOfAisQtSQQUaffPL8WOahhApyomUPdtKlJsRoRjlMCk7qYSE0BEZQE/TiIQg3SzfZ4KPteLjIBb6RArn6u+OjIRSjkNPV4ZEDeW8NxX/83qpCi7djEVJqiCis4eClGMV42lC2GcCqOJjTQgVTO+K6ZAIQpXOsaxDsOe/vEjaZ1X7vFpr1ir1qyKOEjpER+gE2egC1dENaqAWougRPaNX9GY8GS/Gu/ExK10yip4D9AfG5w8aq57c</latexit>

QQ0q̄q̄0

Theoretically expected near or above threshold

States near or above threshold have to be identified as poles in scattering T(E)

<latexit sha1_base64="vMMxKNOr8Z717yEN/M/RCjNmFnM=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCExVQmqgLGChbFI9CE1UeU4TmvVcSI/kKqoMwu/wsIAQqx8ARt/g5tmgJYj2To6597r6xNmjErlut9WZWV1bX2jumlvbe/s7jn7Bx2ZaoFJG6csFb0QScIoJ21FFSO9TBCUhIx0w/HNzO8+ECFpyu/VJCNBgoacxhQjZaSBcwxzv5iSh0yTKQwx9EMkYFTcemrDgVNz624BuEy8ktRAidbA+fKjFOuEcIUZkrLvuZkKciQUxYxMbV9LkiE8RkPSN5SjhMggL5aYwlOjRDBOhTlcwUL93ZGjRMpJEprKBKmRXPRm4n9eX6v4Ksgpz7QiHM8fijWDKoWzXGBEBcGKTQxBWFCzK8QjJBBWJj3bhOAtfnmZdM7r3kW9cdeoNa/LOKrgCJyAM+CBS9AEt6AF2gCDR/AMXsGb9WS9WO/Wx7y0YpU9h+APrM8frgiZmw==</latexit>

bcd̄ū
<latexit sha1_base64="VPmtCcaBgNT3mv9Y0VjTogePY6M=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCExVQmqgLGChbFI9CE1UeU4TmvVcSI/kKqoMwu/wsIAQqx8ARt/g5tmgJYj2To6597r6xNmjErlut9WZWV1bX2jumlvbe/s7jn7Bx2ZaoFJG6csFb0QScIoJ21FFSO9TBCUhIx0w/HNzO8+ECFpyu/VJCNBgoacxhQjZaSBcwxzv5iSh0yTKcQY+iESMCpuPbXhwKm5dbcAXCZeSWqgRGvgfPlRinVCuMIMSdn33EwFORKKYkamtq8lyRAeoyHpG8pRQmSQF0tM4alRIhinwhyuYKH+7shRIuUkCU1lgtRILnoz8T+vr1V8FeSUZ1oRjucPxZpBlcJZLjCigmDFJoYgLKjZFeIREggrk55tQvAWv7xMOud176LeuGvUmtdlHFVwBE7AGfDAJWiCW9ACbYDBI3gGr+DNerJerHfrY15ascqeQ/AH1ucPr52ZnA==</latexit>

ccd̄ū

Doubly charm tetraquark Tcc
<latexit sha1_base64="eRuFUwuxdmX6X98IyRVgbii+/To=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9ycIOFMG9f9dkorq2vrG+XNytb2zu5edf+grWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb2Z+55EqzaS4N5OE+jEeChYxgo2VHgjpB1ihMO/poFpz624OtEy8gtSgQHNQ/eqHkqQxFYZwrHXPcxPjZ1gZRjidVvqppgkmYzykPUsFjqn2s/zqKTqxSogiqWwJg3L190aGY60ncWAnY2xGetGbif95vdREV37GRJIaKsj8oSjlyEg0iwCFTFFi+MQSTBSztyIywgoTY4Oq2BC8xS8vk/ZZ3buon9+d1xrXRRxlOIJjOAUPLqEBt9CEFhBQ8Ayv8OY8OS/Ou/MxHy05xc4h/IHz+QPKoZIQ</latexit>

ccd̄ū

LHCb 2109.01038, 2109.01056

<latexit sha1_base64="t5I/qc0R2RKmEeHAjqbPNX5bZRA=">AAACFHicbVDLSgNBEJyNrxhfUY9eBoMgiGFXQ/QiBL14ESKYB2SXZXbSSYbM7C4zs0JY4j948Ve8eFDEqwdv/o2Tx0ETCxqKqm66u4KYM6Vt+9vKLCwuLa9kV3Nr6xubW/ntnbqKEkmhRiMeyWZAFHAWQk0zzaEZSyAi4NAI+lcjv3EPUrEovNODGDxBuiHrMEq0kfz8kdsGrgkWfhpHHIYX+NgunpbdWGC7aJceXEF0T4r0BupDP18w2hh4njhTUkBTVP38l9uOaCIg1JQTpVqOHWsvJVIzanbl3ERBTGifdKFlaEgEKC8dPzXEB0Zp404kTYUaj9XfEykRSg1EYDpHN6pZbyT+57US3Tn3UhbGiYaQThZ1Eo51hEcJ4TaTQDUfGEKoZOZWTHtEEqpNjjkTgjP78jypnxSdcrF0WypULqdxZNEe2keHyEFnqIKuURXVEEWP6Bm9ojfryXqx3q2PSWvGms7soj+wPn8AYRidKw==</latexit>

�mpole = �0.36± 0.04 MeV

<latexit sha1_base64="j7tZL4+loHwool7LvHdsfPHdzlk=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFqBZLIkXdCEVduKxgL9DWMplM2qEzSZiZCCVk6cZXceNCEbc+gjvfxmmahVp/GPj4zzmcOb8TMiqVZX0Zubn5hcWl/HJhZXVtfcPc3GrKIBKYNHDAAtF2kCSM+qShqGKkHQqCuMNIyxldTuqteyIkDfxbNQ5Jj6OBTz2KkdJW39ztuoQpBPk5Pyrxfnx1Fx+Wk6ScopUc9M2iVbFSwVmwMyiCTPW++dl1Axxx4ivMkJQd2wpVL0ZCUcxIUuhGkoQIj9CAdDT6iBPZi9NDErivHRd6gdDPVzB1f07EiEs55o7u5EgN5d/axPyv1omUd9aLqR9Givh4usiLGFQBnKQCXSoIVmysAWFB9V8hHiKBsNLZFXQI9t+TZ6F5XLFPKtWbarF2kcWRBztgD5SADU5BDVyDOmgADB7AE3gBr8aj8Wy8Ge/T1pyRzWyDXzI+vgGmX5h5</latexit>

�m = m� (mD⇤+ +mD0)
D*+D0 D*0D+

<latexit sha1_base64="L/LTANhmX+XEQZFyjWOhObz+dPw=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQEUoiRV0WFXRZwT6gSctkOmmHziRhZiKUUDdu/BU3LhRx6ze482+ctFlo62EGDufcy733eBGjUlnWt5FbWFxaXsmvFtbWNza3zO2dhgxjgUkdhywULQ9JwmhA6ooqRlqRIIh7jDS94WXqN++JkDQM7tQoIi5H/YD6FCOlpa65DyEvXXUs/ZyIdo6PHhyO1EDw5Jo0xl2zaJWtCeA8sTNSBBlqXfPL6YU45iRQmCEp27YVKTdBQlHMyLjgxJJECA9Rn7Q1DRAn0k0mZ4zhoVZ60A+F/oGCE/V3R4K4lCPu6cp0RznrpeJ/XjtW/rmb0CCKFQnwdJAfM6hCmGYCe1QQrNhIE4QF1btCPEACYaWTK+gQ7NmT50njpGyfliu3lWL1IosjD/bAASgBG5yBKrgBNVAHGDyCZ/AK3own48V4Nz6mpTkj69kFf2B8/gD0gZeT</latexit>

m(D0D0⇡+) GeV

+

likely dominant

Theoretical predictions for Tcc mass (I=0, JP=1+)

<latexit sha1_base64="3s4x+WoMn0nFb9Jf1bFhHUiUxiE=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8FQSKeqx6MWLUMF+QBLKZjttl+4mYXcjlFAP/hUvHhTx6s/w5r9x0+agrQ8GHu/NMDMvTDhT2nG+raXlldW19dJGeXNre2fX3ttvqTiVFJo05rHshEQBZxE0NdMcOokEIkIO7XB0nfvtB5CKxdG9HicQCDKIWJ9Roo3UtQ/9HnBNsHj0BdFDKTLvFlrBpGtXnKozBV4kbkEqqECja3/5vZimAiJNOVHKc51EBxmRmlEOk7KfKkgIHZEBeIZGRIAKsukDE3xilB7ux9JUpPFU/T2REaHUWISmM79SzXu5+J/npbp/GWQsSlINEZ0t6qcc6xjnaeAek0A1HxtCqGTmVkyHRBKqTWZlE4I7//IiaZ1V3fNq7a5WqV8VcZTQETpGp8hFF6iOblADNRFFE/SMXtGb9WS9WO/Wx6x1ySpmDtAfWJ8/9jiWqA==</latexit>

�m [MeV] references at the back

D*0D+

likely dominant

Padmanath, Prelovsek: 2202.101101 

Other                     and  JP

Sasa Prelovsek                                 Hadron spectroscopy from lattice 13

<latexit sha1_base64="7lltJ+1Cb9bQ9wALxOVfP2sEnAU=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCUGakqMuiG5ct2Ad0xpLJ3GlDMw+TjFCGfoQbf8WNC0XcunDn35hOZ6GtBxIO59x7c3O8hDOpLOvbWFpeWV1bL22UN7e2d3bNvf22jFNBoUVjHouuRyRwFkFLMcWhmwggoceh442up37nAYRkcXSrxgm4IRlELGCUKC31zdPMyYdkAvwJbjbvnESwELDjEYHvZ3ehTfpmxapaOfAisQtSQQUaffPL8WOahhApyomUPdtKlJsRoRjlMCk7qYSE0BEZQE/TiIQg3SzfZ4KPteLjIBb6RArn6u+OjIRSjkNPV4ZEDeW8NxX/83qpCi7djEVJqiCis4eClGMV42lC2GcCqOJjTQgVTO+K6ZAIQpXOsaxDsOe/vEjaZ1X7vFpr1ir1qyKOEjpER+gE2egC1dENaqAWougRPaNX9GY8GS/Gu/ExK10yip4D9AfG5w8aq57c</latexit>

QQ0q̄q̄0

Theoretically expected near or above threshold

States near or above threshold have to be identified as poles in scattering T(E)

<latexit sha1_base64="vMMxKNOr8Z717yEN/M/RCjNmFnM=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCExVQmqgLGChbFI9CE1UeU4TmvVcSI/kKqoMwu/wsIAQqx8ARt/g5tmgJYj2To6597r6xNmjErlut9WZWV1bX2jumlvbe/s7jn7Bx2ZaoFJG6csFb0QScIoJ21FFSO9TBCUhIx0w/HNzO8+ECFpyu/VJCNBgoacxhQjZaSBcwxzv5iSh0yTKQwx9EMkYFTcemrDgVNz624BuEy8ktRAidbA+fKjFOuEcIUZkrLvuZkKciQUxYxMbV9LkiE8RkPSN5SjhMggL5aYwlOjRDBOhTlcwUL93ZGjRMpJEprKBKmRXPRm4n9eX6v4Ksgpz7QiHM8fijWDKoWzXGBEBcGKTQxBWFCzK8QjJBBWJj3bhOAtfnmZdM7r3kW9cdeoNa/LOKrgCJyAM+CBS9AEt6AF2gCDR/AMXsGb9WS9WO/Wx7y0YpU9h+APrM8frgiZmw==</latexit>

bcd̄ū
<latexit sha1_base64="VPmtCcaBgNT3mv9Y0VjTogePY6M=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCExVQmqgLGChbFI9CE1UeU4TmvVcSI/kKqoMwu/wsIAQqx8ARt/g5tmgJYj2To6597r6xNmjErlut9WZWV1bX2jumlvbe/s7jn7Bx2ZaoFJG6csFb0QScIoJ21FFSO9TBCUhIx0w/HNzO8+ECFpyu/VJCNBgoacxhQjZaSBcwxzv5iSh0yTKcQY+iESMCpuPbXhwKm5dbcAXCZeSWqgRGvgfPlRinVCuMIMSdn33EwFORKKYkamtq8lyRAeoyHpG8pRQmSQF0tM4alRIhinwhyuYKH+7shRIuUkCU1lgtRILnoz8T+vr1V8FeSUZ1oRjucPxZpBlcJZLjCigmDFJoYgLKjZFeIREggrk55tQvAWv7xMOud176LeuGvUmtdlHFVwBE7AGfDAJWiCW9ACbYDBI3gGr+DNerJerHfrY15ascqeQ/AH1ucPr52ZnA==</latexit>

ccd̄ū

Doubly charm tetraquark Tcc
<latexit sha1_base64="eRuFUwuxdmX6X98IyRVgbii+/To=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9ycIOFMG9f9dkorq2vrG+XNytb2zu5edf+grWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb2Z+55EqzaS4N5OE+jEeChYxgo2VHgjpB1ihMO/poFpz624OtEy8gtSgQHNQ/eqHkqQxFYZwrHXPcxPjZ1gZRjidVvqppgkmYzykPUsFjqn2s/zqKTqxSogiqWwJg3L190aGY60ncWAnY2xGetGbif95vdREV37GRJIaKsj8oSjlyEg0iwCFTFFi+MQSTBSztyIywgoTY4Oq2BC8xS8vk/ZZ3buon9+d1xrXRRxlOIJjOAUPLqEBt9CEFhBQ8Ayv8OY8OS/Ou/MxHy05xc4h/IHz+QPKoZIQ</latexit>

ccd̄ū

LHCb 2109.01038, 2109.01056

<latexit sha1_base64="t5I/qc0R2RKmEeHAjqbPNX5bZRA=">AAACFHicbVDLSgNBEJyNrxhfUY9eBoMgiGFXQ/QiBL14ESKYB2SXZXbSSYbM7C4zs0JY4j948Ve8eFDEqwdv/o2Tx0ETCxqKqm66u4KYM6Vt+9vKLCwuLa9kV3Nr6xubW/ntnbqKEkmhRiMeyWZAFHAWQk0zzaEZSyAi4NAI+lcjv3EPUrEovNODGDxBuiHrMEq0kfz8kdsGrgkWfhpHHIYX+NgunpbdWGC7aJceXEF0T4r0BupDP18w2hh4njhTUkBTVP38l9uOaCIg1JQTpVqOHWsvJVIzanbl3ERBTGifdKFlaEgEKC8dPzXEB0Zp404kTYUaj9XfEykRSg1EYDpHN6pZbyT+57US3Tn3UhbGiYaQThZ1Eo51hEcJ4TaTQDUfGEKoZOZWTHtEEqpNjjkTgjP78jypnxSdcrF0WypULqdxZNEe2keHyEFnqIKuURXVEEWP6Bm9ojfryXqx3q2PSWvGms7soj+wPn8AYRidKw==</latexit>

�mpole = �0.36± 0.04 MeV

<latexit sha1_base64="j7tZL4+loHwool7LvHdsfPHdzlk=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFqBZLIkXdCEVduKxgL9DWMplM2qEzSZiZCCVk6cZXceNCEbc+gjvfxmmahVp/GPj4zzmcOb8TMiqVZX0Zubn5hcWl/HJhZXVtfcPc3GrKIBKYNHDAAtF2kCSM+qShqGKkHQqCuMNIyxldTuqteyIkDfxbNQ5Jj6OBTz2KkdJW39ztuoQpBPk5Pyrxfnx1Fx+Wk6ScopUc9M2iVbFSwVmwMyiCTPW++dl1Axxx4ivMkJQd2wpVL0ZCUcxIUuhGkoQIj9CAdDT6iBPZi9NDErivHRd6gdDPVzB1f07EiEs55o7u5EgN5d/axPyv1omUd9aLqR9Givh4usiLGFQBnKQCXSoIVmysAWFB9V8hHiKBsNLZFXQI9t+TZ6F5XLFPKtWbarF2kcWRBztgD5SADU5BDVyDOmgADB7AE3gBr8aj8Wy8Ge/T1pyRzWyDXzI+vgGmX5h5</latexit>

�m = m� (mD⇤+ +mD0)
D*+D0 D*0D+

<latexit sha1_base64="L/LTANhmX+XEQZFyjWOhObz+dPw=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQEUoiRV0WFXRZwT6gSctkOmmHziRhZiKUUDdu/BU3LhRx6ze482+ctFlo62EGDufcy733eBGjUlnWt5FbWFxaXsmvFtbWNza3zO2dhgxjgUkdhywULQ9JwmhA6ooqRlqRIIh7jDS94WXqN++JkDQM7tQoIi5H/YD6FCOlpa65DyEvXXUs/ZyIdo6PHhyO1EDw5Jo0xl2zaJWtCeA8sTNSBBlqXfPL6YU45iRQmCEp27YVKTdBQlHMyLjgxJJECA9Rn7Q1DRAn0k0mZ4zhoVZ60A+F/oGCE/V3R4K4lCPu6cp0RznrpeJ/XjtW/rmb0CCKFQnwdJAfM6hCmGYCe1QQrNhIE4QF1btCPEACYaWTK+gQ7NmT50njpGyfliu3lWL1IosjD/bAASgBG5yBKrgBNVAHGDyCZ/AK3own48V4Nz6mpTkj69kFf2B8/gD0gZeT</latexit>

m(D0D0⇡+) GeV

+

likely dominant

Theoretical predictions for Tcc mass (I=0, JP=1+)

<latexit sha1_base64="3s4x+WoMn0nFb9Jf1bFhHUiUxiE=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8FQSKeqx6MWLUMF+QBLKZjttl+4mYXcjlFAP/hUvHhTx6s/w5r9x0+agrQ8GHu/NMDMvTDhT2nG+raXlldW19dJGeXNre2fX3ttvqTiVFJo05rHshEQBZxE0NdMcOokEIkIO7XB0nfvtB5CKxdG9HicQCDKIWJ9Roo3UtQ/9HnBNsHj0BdFDKTLvFlrBpGtXnKozBV4kbkEqqECja3/5vZimAiJNOVHKc51EBxmRmlEOk7KfKkgIHZEBeIZGRIAKsukDE3xilB7ux9JUpPFU/T2REaHUWISmM79SzXu5+J/npbp/GWQsSlINEZ0t6qcc6xjnaeAek0A1HxtCqGTmVkyHRBKqTWZlE4I7//IiaZ1V3fNq7a5WqV8VcZTQETpGp8hFF6iOblADNRFFE/SMXtGb9WS9WO/Wx6x1ySpmDtAfWJ8/9jiWqA==</latexit>

�m [MeV] references at the back

D*0D+

Other                     and  JP

Sasa Prelovsek                                 Hadron spectroscopy from lattice 13

<latexit sha1_base64="7lltJ+1Cb9bQ9wALxOVfP2sEnAU=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCUGakqMuiG5ct2Ad0xpLJ3GlDMw+TjFCGfoQbf8WNC0XcunDn35hOZ6GtBxIO59x7c3O8hDOpLOvbWFpeWV1bL22UN7e2d3bNvf22jFNBoUVjHouuRyRwFkFLMcWhmwggoceh442up37nAYRkcXSrxgm4IRlELGCUKC31zdPMyYdkAvwJbjbvnESwELDjEYHvZ3ehTfpmxapaOfAisQtSQQUaffPL8WOahhApyomUPdtKlJsRoRjlMCk7qYSE0BEZQE/TiIQg3SzfZ4KPteLjIBb6RArn6u+OjIRSjkNPV4ZEDeW8NxX/83qpCi7djEVJqiCis4eClGMV42lC2GcCqOJjTQgVTO+K6ZAIQpXOsaxDsOe/vEjaZ1X7vFpr1ir1qyKOEjpER+gE2egC1dENaqAWougRPaNX9GY8GS/Gu/ExK10yip4D9AfG5w8aq57c</latexit>

QQ0q̄q̄0

Theoretically expected near or above threshold

States near or above threshold have to be identified as poles in scattering T(E)

<latexit sha1_base64="vMMxKNOr8Z717yEN/M/RCjNmFnM=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCExVQmqgLGChbFI9CE1UeU4TmvVcSI/kKqoMwu/wsIAQqx8ARt/g5tmgJYj2To6597r6xNmjErlut9WZWV1bX2jumlvbe/s7jn7Bx2ZaoFJG6csFb0QScIoJ21FFSO9TBCUhIx0w/HNzO8+ECFpyu/VJCNBgoacxhQjZaSBcwxzv5iSh0yTKQwx9EMkYFTcemrDgVNz624BuEy8ktRAidbA+fKjFOuEcIUZkrLvuZkKciQUxYxMbV9LkiE8RkPSN5SjhMggL5aYwlOjRDBOhTlcwUL93ZGjRMpJEprKBKmRXPRm4n9eX6v4Ksgpz7QiHM8fijWDKoWzXGBEBcGKTQxBWFCzK8QjJBBWJj3bhOAtfnmZdM7r3kW9cdeoNa/LOKrgCJyAM+CBS9AEt6AF2gCDR/AMXsGb9WS9WO/Wx7y0YpU9h+APrM8frgiZmw==</latexit>

bcd̄ū
<latexit sha1_base64="VPmtCcaBgNT3mv9Y0VjTogePY6M=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCExVQmqgLGChbFI9CE1UeU4TmvVcSI/kKqoMwu/wsIAQqx8ARt/g5tmgJYj2To6597r6xNmjErlut9WZWV1bX2jumlvbe/s7jn7Bx2ZaoFJG6csFb0QScIoJ21FFSO9TBCUhIx0w/HNzO8+ECFpyu/VJCNBgoacxhQjZaSBcwxzv5iSh0yTKcQY+iESMCpuPbXhwKm5dbcAXCZeSWqgRGvgfPlRinVCuMIMSdn33EwFORKKYkamtq8lyRAeoyHpG8pRQmSQF0tM4alRIhinwhyuYKH+7shRIuUkCU1lgtRILnoz8T+vr1V8FeSUZ1oRjucPxZpBlcJZLjCigmDFJoYgLKjZFeIREggrk55tQvAWv7xMOud176LeuGvUmtdlHFVwBE7AGfDAJWiCW9ACbYDBI3gGr+DNerJerHfrY15ascqeQ/AH1ucPr52ZnA==</latexit>

ccd̄ū

Doubly charm tetraquark Tcc
<latexit sha1_base64="eRuFUwuxdmX6X98IyRVgbii+/To=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9ycIOFMG9f9dkorq2vrG+XNytb2zu5edf+grWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb2Z+55EqzaS4N5OE+jEeChYxgo2VHgjpB1ihMO/poFpz624OtEy8gtSgQHNQ/eqHkqQxFYZwrHXPcxPjZ1gZRjidVvqppgkmYzykPUsFjqn2s/zqKTqxSogiqWwJg3L190aGY60ncWAnY2xGetGbif95vdREV37GRJIaKsj8oSjlyEg0iwCFTFFi+MQSTBSztyIywgoTY4Oq2BC8xS8vk/ZZ3buon9+d1xrXRRxlOIJjOAUPLqEBt9CEFhBQ8Ayv8OY8OS/Ou/MxHy05xc4h/IHz+QPKoZIQ</latexit>

ccd̄ū

LHCb 2109.01038, 2109.01056

<latexit sha1_base64="t5I/qc0R2RKmEeHAjqbPNX5bZRA=">AAACFHicbVDLSgNBEJyNrxhfUY9eBoMgiGFXQ/QiBL14ESKYB2SXZXbSSYbM7C4zs0JY4j948Ve8eFDEqwdv/o2Tx0ETCxqKqm66u4KYM6Vt+9vKLCwuLa9kV3Nr6xubW/ntnbqKEkmhRiMeyWZAFHAWQk0zzaEZSyAi4NAI+lcjv3EPUrEovNODGDxBuiHrMEq0kfz8kdsGrgkWfhpHHIYX+NgunpbdWGC7aJceXEF0T4r0BupDP18w2hh4njhTUkBTVP38l9uOaCIg1JQTpVqOHWsvJVIzanbl3ERBTGifdKFlaEgEKC8dPzXEB0Zp404kTYUaj9XfEykRSg1EYDpHN6pZbyT+57US3Tn3UhbGiYaQThZ1Eo51hEcJ4TaTQDUfGEKoZOZWTHtEEqpNjjkTgjP78jypnxSdcrF0WypULqdxZNEe2keHyEFnqIKuURXVEEWP6Bm9ojfryXqx3q2PSWvGms7soj+wPn8AYRidKw==</latexit>

�mpole = �0.36± 0.04 MeV

<latexit sha1_base64="j7tZL4+loHwool7LvHdsfPHdzlk=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFqBZLIkXdCEVduKxgL9DWMplM2qEzSZiZCCVk6cZXceNCEbc+gjvfxmmahVp/GPj4zzmcOb8TMiqVZX0Zubn5hcWl/HJhZXVtfcPc3GrKIBKYNHDAAtF2kCSM+qShqGKkHQqCuMNIyxldTuqteyIkDfxbNQ5Jj6OBTz2KkdJW39ztuoQpBPk5Pyrxfnx1Fx+Wk6ScopUc9M2iVbFSwVmwMyiCTPW++dl1Axxx4ivMkJQd2wpVL0ZCUcxIUuhGkoQIj9CAdDT6iBPZi9NDErivHRd6gdDPVzB1f07EiEs55o7u5EgN5d/axPyv1omUd9aLqR9Givh4usiLGFQBnKQCXSoIVmysAWFB9V8hHiKBsNLZFXQI9t+TZ6F5XLFPKtWbarF2kcWRBztgD5SADU5BDVyDOmgADB7AE3gBr8aj8Wy8Ge/T1pyRzWyDXzI+vgGmX5h5</latexit>

�m = m� (mD⇤+ +mD0)
D*+D0 D*0D+

<latexit sha1_base64="L/LTANhmX+XEQZFyjWOhObz+dPw=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQEUoiRV0WFXRZwT6gSctkOmmHziRhZiKUUDdu/BU3LhRx6ze482+ctFlo62EGDufcy733eBGjUlnWt5FbWFxaXsmvFtbWNza3zO2dhgxjgUkdhywULQ9JwmhA6ooqRlqRIIh7jDS94WXqN++JkDQM7tQoIi5H/YD6FCOlpa65DyEvXXUs/ZyIdo6PHhyO1EDw5Jo0xl2zaJWtCeA8sTNSBBlqXfPL6YU45iRQmCEp27YVKTdBQlHMyLjgxJJECA9Rn7Q1DRAn0k0mZ4zhoVZ60A+F/oGCE/V3R4K4lCPu6cp0RznrpeJ/XjtW/rmb0CCKFQnwdJAfM6hCmGYCe1QQrNhIE4QF1btCPEACYaWTK+gQ7NmT50njpGyfliu3lWL1IosjD/bAASgBG5yBKrgBNVAHGDyCZ/AK3own48V4Nz6mpTkj69kFf2B8/gD0gZeT</latexit>

m(D0D0⇡+) GeV

+

likely dominant

Theoretical predictions for Tcc mass (I=0, JP=1+)

<latexit sha1_base64="3s4x+WoMn0nFb9Jf1bFhHUiUxiE=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8FQSKeqx6MWLUMF+QBLKZjttl+4mYXcjlFAP/hUvHhTx6s/w5r9x0+agrQ8GHu/NMDMvTDhT2nG+raXlldW19dJGeXNre2fX3ttvqTiVFJo05rHshEQBZxE0NdMcOokEIkIO7XB0nfvtB5CKxdG9HicQCDKIWJ9Roo3UtQ/9HnBNsHj0BdFDKTLvFlrBpGtXnKozBV4kbkEqqECja3/5vZimAiJNOVHKc51EBxmRmlEOk7KfKkgIHZEBeIZGRIAKsukDE3xilB7ux9JUpPFU/T2REaHUWISmM79SzXu5+J/npbp/GWQsSlINEZ0t6qcc6xjnaeAek0A1HxtCqGTmVkyHRBKqTWZlE4I7//IiaZ1V3fNq7a5WqV8VcZTQETpGp8hFF6iOblADNRFFE/SMXtGb9WS9WO/Wx6x1ySpmDtAfWJ8/9jiWqA==</latexit>

�m [MeV] references at the back

D*0D+

Other                     and  JP

Sasa Prelovsek                                 Hadron spectroscopy from lattice 13

<latexit sha1_base64="7lltJ+1Cb9bQ9wALxOVfP2sEnAU=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCUGakqMuiG5ct2Ad0xpLJ3GlDMw+TjFCGfoQbf8WNC0XcunDn35hOZ6GtBxIO59x7c3O8hDOpLOvbWFpeWV1bL22UN7e2d3bNvf22jFNBoUVjHouuRyRwFkFLMcWhmwggoceh442up37nAYRkcXSrxgm4IRlELGCUKC31zdPMyYdkAvwJbjbvnESwELDjEYHvZ3ehTfpmxapaOfAisQtSQQUaffPL8WOahhApyomUPdtKlJsRoRjlMCk7qYSE0BEZQE/TiIQg3SzfZ4KPteLjIBb6RArn6u+OjIRSjkNPV4ZEDeW8NxX/83qpCi7djEVJqiCis4eClGMV42lC2GcCqOJjTQgVTO+K6ZAIQpXOsaxDsOe/vEjaZ1X7vFpr1ir1qyKOEjpER+gE2egC1dENaqAWougRPaNX9GY8GS/Gu/ExK10yip4D9AfG5w8aq57c</latexit>

QQ0q̄q̄0

Theoretically expected near or above threshold

States near or above threshold have to be identified as poles in scattering T(E)

<latexit sha1_base64="vMMxKNOr8Z717yEN/M/RCjNmFnM=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCExVQmqgLGChbFI9CE1UeU4TmvVcSI/kKqoMwu/wsIAQqx8ARt/g5tmgJYj2To6597r6xNmjErlut9WZWV1bX2jumlvbe/s7jn7Bx2ZaoFJG6csFb0QScIoJ21FFSO9TBCUhIx0w/HNzO8+ECFpyu/VJCNBgoacxhQjZaSBcwxzv5iSh0yTKQwx9EMkYFTcemrDgVNz624BuEy8ktRAidbA+fKjFOuEcIUZkrLvuZkKciQUxYxMbV9LkiE8RkPSN5SjhMggL5aYwlOjRDBOhTlcwUL93ZGjRMpJEprKBKmRXPRm4n9eX6v4Ksgpz7QiHM8fijWDKoWzXGBEBcGKTQxBWFCzK8QjJBBWJj3bhOAtfnmZdM7r3kW9cdeoNa/LOKrgCJyAM+CBS9AEt6AF2gCDR/AMXsGb9WS9WO/Wx7y0YpU9h+APrM8frgiZmw==</latexit>

bcd̄ū
<latexit sha1_base64="VPmtCcaBgNT3mv9Y0VjTogePY6M=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCExVQmqgLGChbFI9CE1UeU4TmvVcSI/kKqoMwu/wsIAQqx8ARt/g5tmgJYj2To6597r6xNmjErlut9WZWV1bX2jumlvbe/s7jn7Bx2ZaoFJG6csFb0QScIoJ21FFSO9TBCUhIx0w/HNzO8+ECFpyu/VJCNBgoacxhQjZaSBcwxzv5iSh0yTKcQY+iESMCpuPbXhwKm5dbcAXCZeSWqgRGvgfPlRinVCuMIMSdn33EwFORKKYkamtq8lyRAeoyHpG8pRQmSQF0tM4alRIhinwhyuYKH+7shRIuUkCU1lgtRILnoz8T+vr1V8FeSUZ1oRjucPxZpBlcJZLjCigmDFJoYgLKjZFeIREggrk55tQvAWv7xMOud176LeuGvUmtdlHFVwBE7AGfDAJWiCW9ACbYDBI3gGr+DNerJerHfrY15ascqeQ/AH1ucPr52ZnA==</latexit>

ccd̄ū

Doubly charm tetraquark Tcc
<latexit sha1_base64="eRuFUwuxdmX6X98IyRVgbii+/To=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/BvT6Sy09cC9HM65l9ycIOFMG9f9dkorq2vrG+XNytb2zu5edf+grWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb2Z+55EqzaS4N5OE+jEeChYxgo2VHgjpB1ihMO/poFpz624OtEy8gtSgQHNQ/eqHkqQxFYZwrHXPcxPjZ1gZRjidVvqppgkmYzykPUsFjqn2s/zqKTqxSogiqWwJg3L190aGY60ncWAnY2xGetGbif95vdREV37GRJIaKsj8oSjlyEg0iwCFTFFi+MQSTBSztyIywgoTY4Oq2BC8xS8vk/ZZ3buon9+d1xrXRRxlOIJjOAUPLqEBt9CEFhBQ8Ayv8OY8OS/Ou/MxHy05xc4h/IHz+QPKoZIQ</latexit>

ccd̄ū

LHCb 2109.01038, 2109.01056

<latexit sha1_base64="t5I/qc0R2RKmEeHAjqbPNX5bZRA=">AAACFHicbVDLSgNBEJyNrxhfUY9eBoMgiGFXQ/QiBL14ESKYB2SXZXbSSYbM7C4zs0JY4j948Ve8eFDEqwdv/o2Tx0ETCxqKqm66u4KYM6Vt+9vKLCwuLa9kV3Nr6xubW/ntnbqKEkmhRiMeyWZAFHAWQk0zzaEZSyAi4NAI+lcjv3EPUrEovNODGDxBuiHrMEq0kfz8kdsGrgkWfhpHHIYX+NgunpbdWGC7aJceXEF0T4r0BupDP18w2hh4njhTUkBTVP38l9uOaCIg1JQTpVqOHWsvJVIzanbl3ERBTGifdKFlaEgEKC8dPzXEB0Zp404kTYUaj9XfEykRSg1EYDpHN6pZbyT+57US3Tn3UhbGiYaQThZ1Eo51hEcJ4TaTQDUfGEKoZOZWTHtEEqpNjjkTgjP78jypnxSdcrF0WypULqdxZNEe2keHyEFnqIKuURXVEEWP6Bm9ojfryXqx3q2PSWvGms7soj+wPn8AYRidKw==</latexit>

�mpole = �0.36± 0.04 MeV

<latexit sha1_base64="j7tZL4+loHwool7LvHdsfPHdzlk=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFqBZLIkXdCEVduKxgL9DWMplM2qEzSZiZCCVk6cZXceNCEbc+gjvfxmmahVp/GPj4zzmcOb8TMiqVZX0Zubn5hcWl/HJhZXVtfcPc3GrKIBKYNHDAAtF2kCSM+qShqGKkHQqCuMNIyxldTuqteyIkDfxbNQ5Jj6OBTz2KkdJW39ztuoQpBPk5Pyrxfnx1Fx+Wk6ScopUc9M2iVbFSwVmwMyiCTPW++dl1Axxx4ivMkJQd2wpVL0ZCUcxIUuhGkoQIj9CAdDT6iBPZi9NDErivHRd6gdDPVzB1f07EiEs55o7u5EgN5d/axPyv1omUd9aLqR9Givh4usiLGFQBnKQCXSoIVmysAWFB9V8hHiKBsNLZFXQI9t+TZ6F5XLFPKtWbarF2kcWRBztgD5SADU5BDVyDOmgADB7AE3gBr8aj8Wy8Ge/T1pyRzWyDXzI+vgGmX5h5</latexit>

�m = m� (mD⇤+ +mD0)
D*+D0 D*0D+

<latexit sha1_base64="L/LTANhmX+XEQZFyjWOhObz+dPw=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQEUoiRV0WFXRZwT6gSctkOmmHziRhZiKUUDdu/BU3LhRx6ze482+ctFlo62EGDufcy733eBGjUlnWt5FbWFxaXsmvFtbWNza3zO2dhgxjgUkdhywULQ9JwmhA6ooqRlqRIIh7jDS94WXqN++JkDQM7tQoIi5H/YD6FCOlpa65DyEvXXUs/ZyIdo6PHhyO1EDw5Jo0xl2zaJWtCeA8sTNSBBlqXfPL6YU45iRQmCEp27YVKTdBQlHMyLjgxJJECA9Rn7Q1DRAn0k0mZ4zhoVZ60A+F/oGCE/V3R4K4lCPu6cp0RznrpeJ/XjtW/rmb0CCKFQnwdJAfM6hCmGYCe1QQrNhIE4QF1btCPEACYaWTK+gQ7NmT50njpGyfliu3lWL1IosjD/bAASgBG5yBKrgBNVAHGDyCZ/AK3own48V4Nz6mpTkj69kFf2B8/gD0gZeT</latexit>
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Evidence for intrinsic charm quarks in the proton

Nature 608, pages 483–487 (2022)
NNPDF Collaboration 

• intrinsic charm content of proton by exploi<ng a high-precision 
determina<on  of the quark–gluon content; 

• remarkable agreement with model predic<ons (Brodsky et al., 
1980, Hobbs et al.,2014);

• these findings are compared to very recent data on Z-boson 
produc<on with charm jets from  the Large Hadron Collider beauty 
(LHCb) experiment;

• charm PDF are obtained  from hard-scauering global dataset, using 
perturba<ve QCD calcula<ons, accommoda<ng massive quarks 
inside the proton and machine learning techniques;

• next-to-next-to-leading order (NNLO) in an expansion in powers of 
the strong coupling, αs,  are performed

NNPDF:
Univ. Cambridge, Edinburgh, 
Milan- INFN, Nikhef and VU Univ. 
Amsterdam, Univ. Torino, NUS Singapore, 
Univ. Wirzburg

It is intrinsic to dis<nguish it from that computable in perturba<on theory,which
originates from QCD radia<on
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momentum fractions carried by intrinsic charm larger than 0.5% at the 
4-standard-deviation (4σ) level17 to allowing up to a 2% charm momentum 
fraction18. A particularly delicate issue in this context is that of separating 
the radiative component: finding that the charm PDF is nonzero at a low 
scale is not sufficient to argue that intrinsic charm has been identified.

Here we present a resolution of this four-decade-long conundrum 
by providing unambiguous evidence for intrinsic charm in the proton. 
This is achieved by means of a determination of the charm PDF (ref. 3) 
from an extensive hard-scattering global dataset, using state-of-the-art 
perturbative QCD calculations19, adapted to accommodate the pos-
sibility of massive quarks inside the proton4,20,21, and sophisticated 
machine learning techniques3,22,23. This determination is performed 
at next-to-next-to-leading order (NNLO) in an expansion in powers 
of the strong coupling, αs, which represents the precision frontier for 
collider phenomenology.

The charm PDF determined in this manner includes a radiative com-
ponent, and indeed it depends on the resolution scale: it is given in a 
four-flavour number scheme (4FNS), in which up, down, strange and 
charm quarks are subject to perturbative radiative corrections and 
mix with each other and the gluon as the resolution is increased. The 
intrinsic charm component can be disentangled from it as follows. 
First, we note that in the absence of an intrinsic component, the initial 
condition for the charm PDF is determined using perturbative match-
ing conditions24, computed up to NNLO in ref. 25, and recently (partly) 
extended up to next-to-next-to-next-to-leading order (N3LO; refs. 26–34). 
These matching conditions determine the charm PDF in terms of the 
PDFs of the 3FNS, in which only the three lightest quark flavours are 
radiatively corrected. Hence, this perturbative charm PDF is entirely 
determined in terms of the three light quarks and antiquarks and the 
gluon. However, the 3FNS charm quark PDF needs not vanish: in fact, 
if the charm quark PDF in the 4FNS is freely parametrized and thus 
determined from the data4, the matching conditions can be inverted. 
The 3FNS charm PDF thus obtained is then by definition the intrinsic 
charm PDF: indeed, in the absence of intrinsic charm it would vanish21. 
Thus, unlike the 4FNS charm PDF, which includes both an intrinsic 
and a radiative component, the 3FNS charm PDF is purely intrinsic. In 
this work we have performed this inversion at NNLO (ref. 25) as well as 
at N3LO (refs. 26–34), which—as we shall see—provides a handle on the 
perturbative uncertainty of the NNLO result.

Our starting point is the NNPDF4.0 global analysis3, which provides 
a determination of the sum of the charm and anticharm PDFs,  

namely c x Q c x Q c x Q( , ) ≡ ( , ) + ( , )+ , in the 4FNS. This can be viewed as a 
probability density in x, the fraction of the proton momentum carried 
by charm, in the sense that the integral over all values of 0 ≤ x ≤ 1 of 
xc+(x) is equal to the fraction of the proton momentum carried by charm 
quarks, although note that PDFs are generally not necessarily positive 
definite. Our result for the 4FNS xc+(x, Q) at the charm mass scale, Q = mc 
with mc = 1.51 GeV, is shown in Fig. 1 (left). The ensuing intrinsic charm 
is determined from it by transforming to the 3FNS using NNLO match-
ing. This result is also shown in Fig. 1 (left). The bands indicate the 68% 
confidence level interval associated with the PDF uncertainties (PDFU) 
in each case. Henceforth, we will refer to the 3FNS xc+(x, Q) PDF as the 
intrinsic charm PDF.

The intrinsic (3FNS) charm PDF exhibits a characteristic valence-like 
structure at large x peaking at x ≃ 0.4. Although intrinsic charm is found 
to be small in absolute terms (it contributes less than 1% to the proton 
total momentum), it is significantly different from zero. Note that the 
transformation to the 3FNS has little effect on the peak region, because 
there is almost no charm radiatively generated at such large values of 
x: in fact, a very similar valence-like peak is already found in the 4FNS 
calculation.

As at the charm mass scale the strong coupling αs is rather large, the 
perturbative expansion converges slowly. To estimate the effect of 
missing higher-order uncertainties (MHOU), we have also performed 
the transformation from the 4FNS NNLO charm PDF determined from 
the data to the 3FNS (intrinsic) charm PDF at one order higher, namely 
at N3LO. The result is also shown Fig. 1 (left). Reassuringly, the intrinsic 
valence-like structure is unchanged. On the other hand, it is clear that 
for x ≲ 0.2 perturbative uncertainties become very large. We can esti-
mate the total uncertainty on our determination of intrinsic charm by 
adding in quadrature the PDFU and a MHOU estimated from the shift 
between the result found using NNLO and N3LO matching.

This procedure leads to our final result for intrinsic charm and its 
total uncertainty (shown in Fig. 1, right). The intrinsic charm PDF is 
found to be compatible with zero for x ≲ 0.2: the negative trend seen 
in Fig. 1 with PDFU becomes compatible with zero only on inclusion 
of theoretical uncertainties. However, at larger x, even with theoreti-
cal uncertainties the intrinsic charm PDF differs from zero by about 
2.5σ in the peak region. This result is stable on variations of dataset, 
methodology (in particular the PDF parametrization basis) and values 
of parameters (specifically the charm mass) of the standard model, as 
demonstrated in Supplementary Sections C and D.
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Fig. 1 | The intrinsic charm PDF and comparison with models. Left, the 
purely intrinsic (3FNS) result (blue) with PDFU alone, compared to the 4FNS 
PDF, which includes both an intrinsic and a radiative component, at 
Q = mc = 1.51 GeV (orange). The purely intrinsic (3FNS) result obtained using 
N3LO matching is also shown (green). Right, the purely intrinsic (3FNS) final 

result with total uncertainty (PDFU + MHOU), with the PDFU indicated as a dark 
shaded band; the predictions from the original BHPS model1 and from the more 
recent meson/baryon cloud model5 are also shown for comparison (dotted and 
dot-dashed curves, respectively).

the purely intrinsic (3FNS) result (blue) with PDFU alone, compared to the 4FNS 
PDF, which includes both an intrinsic and a radia3ve component, at Q = mc = 1.51 
GeV (orange). The purely intrinsic (3FNS) result obtained using N3LO matching is 
also shown (green). (FNS – flavour number scheme)

the PDFs of the 3FNS, only the three lightest quark flavours are radia3vely corrected 
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• charm PDF, by indirect constraints from high-precision LHC data, is consistent with direct constraints from both EMC charm 
production data (40 years ago), and  recent Z + charm production data in the forward region from LHCb. 

• local significance for intrinsic charm in the large-x region just above the 3σ level.



Charmed hadrons life<mes 

Charmed hadron lifetimes Bla�enka Meli∆

1. Introduction

Lifetimes of weakly-decaying particles containing a heavy (charm or bottom) quark have long
played a significant role in driving the development of experimental and theoretical particle physics,
including several of the earliest ‘anomalies’ observed in the flavour sector. For example, in the late
1970s, the ratio of lifetimes of the ⇡

+ and ⇡
0 mesons was measured to di�er significantly from the

naive expectation of one. Using modern values, it reads [1]

g(⇡
+
)

g(⇡0)
= 2.54(2) . (1)

This deviation from the initial expectation was explained in the early 1980s as arising from a large
Pauli interference contribution to the ⇡

+ lifetime [2–6], eventually leading to the development of
the heavy quark expansion (HQE), see e.g. [7] for a review. Furthermore, in the mid-1990s, within
the HQE, it was found that the lifetimes of 1-hadrons should not di�er by more than 10%, so it was a
surprise that the experimental ratio of the g(⇤0

1)/g(⌫
0
3) was measured to be approximately 0.75(5).

Again, theory won the day, as later measurements have seen this ratio return to the theoretical
expectation [6, 8].

Recently, another potential anomaly in lifetimes has appeared. LHCb measurements of charmed
baryon lifetimes [9–11] indicate that the⌦0

2 lifetime is four times larger than, and wholly inconsistent
with, the earlier experimental results [12, 13]. Since existing theoretical predictions [6, 14–17]
tended to support a shorter lifetime for the ⌦0

2 , this motivates a reassessment of the prediction.
In this proceeding, we present new predictions of inclusive observables for baryons containing

a single charm quark, based on the recent work [18]. Compared with the previous predictions in
[6, 14–17], we include newly-available contributions, such as the Darwin contribution, recently
made available for nonleptonic and charmed decays in [19–22], 1/<2 corrections to the four-quark
operators, and UB corrections to the Wilson coe�cients of two- and four-quark operators. We also
apply the same calculation to mesons, with results agreeing with the recent work [22].

2. Background

2.1 Heavy quark expansion

Within the framework of the HQE, the decay width is expanded systematically in terms of
the parameters ⇤QCD/<2 and UB; for more details, see e.g. [23]. It can then be presented in the,
somewhat schematic, form
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where 23,c,⌧ , etc., contain contributions from short-distance physics (Wilson coe�cients, CKM
factors, and dependence on non-zero quark and lepton masses), summed over all possible decay
modes, while `

2
c , `

2
⌧ , d

3
⇡ , h� |$

@
8 |�i, and h� |%

@
8 |�i are non-perturbative matrix elements sensi-

tive to the decaying hadron �. Each of the coe�cients 28 also contains, implicitly, the UB expansion.

2

Experimentally established hierarchy for charmed baryons   

Charmed hadron lifetimes Bla�enka Meli∆

level of numerical accuracy. In figure 4, we compare our individual lifetime predictions to the latest
experimental hierarchy.

Figure 4: Hierarchy of lifetimes of charmed mesons (left, in blue) and singly charmed baryons (right, in
red). Our predictions, in the kinetic scheme, are compared to the latest experimental values (left of each pair
of values) [1, 11].

4. Conclusions

We have presented the most up-to-date predictions for lifetimes, and lifetime ratios, of singly-
charmed hadrons. In particular, we apply new results for the Darwin term to the baryon sector. Our
results show that the newly-established experimental hierarchy,

g(⌅0
2) < g(⇤+

2) < g(⌦0
2) < g(⌅+

2) , (7)

is consistent with the theory prediction, albeit with large uncertainties on the theory side. Some
tensions do exist, however, most notably in �(⇡+

), while the ratios g(⌅+
2)/g(⇤

+
2) and g(⌦0

2)/g(⇤
+
2)

are in tension with experiment. Since the predicted individual lifetimes are in agreement with
experiment, within uncertainties, the tension in the lifetime ratios can be attributed to an overly high
central value of the ⇤+

2 lifetime prediction. Our results favour the new measurements of g(⌦0
2),

which strongly suggests that the HQE remains applicable to charm decays, and contradicts the
suggestion in [17] that the HQE fails specifically for the ⌦0

2 .
In light of this, further work increasing the number of available terms in the 1/<2 and UB

expansions, along with better control of the input parameters and their uncertainties, such as via a
lattice computation, would be beneficial. Alongside this, the questions as to how best to formulate
the HQE for the charm quark, and what is the optimal mass scheme for <2 in order to control
divergent behaviour in the UB expansion, remain important [45, 46], as does an exploration of
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1 Introduction

Lifetimes of charm mesons are determined experimentally very precisely [1] 1 and show a pattern
which is clearly less monotonous than in the b-sector, with values spreading over a rather large range.
Moreover, also inclusive semileptonic branching fractions have been measured [1], and recently an
update for the D+

s -meson has been released by the BESIII Collaboration [3]. A summary of the current
experimental status is presented in Table 1. While in the bottom sector, the approximation that the

D0 D+ D+
s

⌧ [ps] 0.4101(15) 1.040(7) 0.504(4)

� [ps�1] 2.44(1) 0.96(1) 1.98(2)

⌧(Dq)/⌧(D0) 1 2.54(2) 1.20(1)

Br(Dq ! Xe+⌫e)[%] 6.49(11) 16.07(30) 6.30(16)

�(Dq ! Xe+⌫e)

�(D0 ! Xe+⌫e)
1 0.977(26) 0.790(26)

Table 1: Status of the experimental determinations of the lifetime and the semileptonic branching
fractions of the lightest charmed mesons (Dq 2

�
D0, D+, D+

s

 
). All values are taken from the

PDG [1] apart from the semileptonic D+
s -meson decays which were recently measured by the BESIII

Collaboration [3].

meson decay can be described in terms of the free b-quark decay is experimentally well accommodated,
for the charm system this is poorly justified. A systematic way to study this assumption is provided
by the heavy quark expansion (HQE) - see Refs. [4, 5] for early references or Ref. [6] for a recent
review, according to which the inclusive decay width of a meson containing a heavy charm quark can
be written as

�(D) = �3 + �5
hO5i
m2

c
+ �6

hO6i
m3

c
+ ...+ 16⇡2

 
�̃6

hÕ6i
m3

c
+ �̃7

hÕ7i
m4

c
+ ...

!
, (1.1)

with the matrix element of the �C = 0 operators given by hOY i = hD|OY |Di/(2mD). Their
numerical size is expected to be of the order of the hadronic scale ⇤QCD  1 GeV, but the actual value
must be determined with a non-perturbative calculation. Note that in Eq. (1.1) quantities labelled by
a tilde refer to the contribution of four-quark operators, while those without a tilde correspond to two-
quark operators, c.f. Fig. 1. The Wilson coefficients �i in Eq. (1.1) can be computed perturbatively
and admit the following expansion in the strong coupling ↵s, i.e.

�i = �(0)
i +

↵s(mc)

4⇡
�(1)
i +


↵s(mc)

4⇡

�2
�(2)
i + ... . (1.2)

1New results from Belle II have recently been made public [2]: ⌧(D0) = 410.5 ± 1.1 ± 0.8 fs, ⌧(D+) = 1030.4 ±
4.7± 3.1 fs.

– 2 –

See King et al., 2109.13219

“The total decay rates of the D0 and D+ mesons
are underes<mated in our HQE approach and we 
suspect that this is due to missing higher-order QCD  
correc<ons to the free charm quark decay and the 
Pauli interference contribu<on.”

See talks Melic, Davis

Dulibic et al., 2305.02243

See talk Hai-Yang Cheng 



QCD in electroweak interac<ons of charm 

Short distance dynamics mc≫ΛQCD,
mu,d,s < ΛQCD

Long distance dynamics

La2ce QCD, if applicable CχPT 
HQET difficult to apply, mc not heavy enough 1/mc
(1/mc)2,... correc<ons relevant!  

• Charge current decays: leptonic and semileptonic

• FCNC processes, D mixing and rare decays

• Nonleptonic decays and CP asymmetry

QCD needed!
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Lattice QCD

generic weak process involving hadrons:

(experiment) = (known) x (CKM element) x (had. matrix element)

⬆
parameterize the ME in 
terms of form factors, 
decay constants, bag 

parameters, ...
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LaTce QCD in leptonic and semileptonic

Why important?

See for review 2206.07501 and Jay’s talk at this conference

La2ce calculates
D meson’s decay constants, D meson D→ P, V form factors, bag parameters for meson oscilla<ons 



2206.07501 HFLAV

PDG 2022

11 72. Leptonic Decays of Charged Pseudoscalar Mesons

Table 72.4: Recent theoretical determinations of fD, fDs , and their ra-
tio in the isospin-symmetric limit. The upper panels show results from
lattice-QCD calculations with (2 + 1 + 1) and (2 + 1) dynamical quark fla-
vors, respectively. Statistical and systematic errors are quoted separately.
The bottom panel shows estimates from QCD sum rules (QCD SR) and
the light-front quark model (LFQM). These are not used to obtain our
preferred decay-constant values. The 2+1+1 averages are dominated by
the Fermilab/MILC values.

Reference Method Nf fD(MeV) fDs(MeV) fDs/fD

Fermilab/MILC 17 [31] LQCD 2+1+1 212.1(0.3)(0.5) 249.9(0.3)(0.3) 1.1782(06)(15)ú

ETM 14 [32] LQCD 2+1+1 207.4(3.7)(0.9) 247.2(3.9)(1.4) 1.192(19)(11)
FLAG 21 average [2] LQCD 2+1+1 212.0(0.7) 249.9(0.5) 1.1783(16)
‰QCD 20A [73] LQCD 2+1 213(5) 249(7) 1.16(3)
RBC/UKQCD 18A [74]† LQCD 2+1 – – 1.1740(51)(68)
RBC/UKQCD 17 [75] LQCD 2+1 208.7(2.8)(+2.1

≠1.8) 246.4(1.3)(+1.3
≠1.9) 1.1667(77)(+57

≠43)
‰QCD 14 [76] LQCD 2+1 – 254(2)(4) –
HPQCD 12 [77] LQCD 2+1 208.3(1.0)(3.3) – 1.187(4)(12)
Fermilab/MILC 11 [78] LQCD 2+1 218.9(9.2)(6.6) 260.1(8.9)(6.1) 1.188(14)(21)
HPQCD 10 [79] LQCD 2+1 – 248.0(1.4)(2.1) –
FLAG 21 average [2] LQCD 2+1 209.0(2.4) 248.0(1.6) 1.174(7)
Pullin 21 [80] QCD SR 190(15) 226(17) 1.19(7)
Wang 15 [81]‡ QCD SR 208(10) 240(10) 1.15(6)
Gelhausen 13 [82] QCD SR 201

1
+12
≠13

2
238

1
+13
≠23

2
1.15

1
+0.04
≠0.05

2

Narison 12 [83] QCD SR 204(6) 246(6) 1.21(4)
Lucha 11 [84] QCD SR 206.2(8.9) 245.3(16.3) 1.193(26)

úRef. [31] provides values for fD and fDs in the isopsin-symmetric limit, but not for their ratio. Here we infer the central value
from those of the individual decay constants, and take the statistical and systematic errors to be the same as for the physical ratio
fDs /fD+ .

†Slight di�erence from preliminary value quoted in 2019 FLAG review.
‡Obtained using mMS

c ; results using mpole
c are also given in the paper.

These estimated strong-isospin-breaking corrections to fD and fDs/fD above are commensurate
with the uncertainties on the (2+1+1)-flavor FLAG averages in Table 72.4. Consequently, it is
important to account for isospin-breaking e�ects before combining the theoretical decay constants
with the corresponding experimental decay rates.

To obtain the charged D+-meson decay constant, we apply the correction in Eq. (72.17) to the
(2+1+1)-flavor 2021 FLAG average for the D-meson decay constant in the isospin-symmetric limit.
Similarly we use Eq. (72.18) to correct the (2+1+1)-flavor 2021 FLAG average for fDs/fD. We
take the four-flavor FLAG 2021 average for fDs directly. Our final preferred theoretical values for
the charmed pseudoscalar-meson decay constants are

fD+ = 212.0(7) MeV , fDs = 249.9(5) MeV ,
fDs

fD+
= 1.1783(16) . (72.19)

72.4 Bottom mesons
72.4.1 Experimental rate measurements

The Belle and BaBar collaborations have found evidence for B≠
æ ·≠‹ decay in e+e≠

æ B≠B+

collisions at the Ã (4S) energy. The analysis relies on reconstructing a hadronic or semi-leptonic B

11th August, 2022

Electromagne<c correc<ons are very important to achieve the precission.



La2ce QCD contributed recently by the Ds meson radia<ve form factors over the full kinema<cal range 
Frezzo2 et al., (Rome& Southampton)
2306.05904
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ensemble ZA/ZV

cA211.12.48 1.0603 (26)
cB211.072.64 1.05176 (35)
cC211.060.80 1.04535 (22)
cD211.054.96 1.04011 (16)

TABLE III: The values of ZA/ZV used in the evaluation of R̄V (t,k) are given for each of the gauge ensembles of Table I.

IV. NUMERICAL RESULTS

In this section we present the numerical results for the form factors FA and FV at ten evenly spaced values of x�

(Subsec IVA). We then use these results to calculate the di↵erential decay rate and branching fraction for the process
D+

s ! e+⌫e� (Subsec IVB).

A. Results for the form factors

In order to determine the form factors, we evaluate the estimators R̄A,V (t,k) at ten evenly-spaced values of the
dimensionless variable x� :

x� =
2E�

MDs

= n�x� , �x� = 0.1 , n 2 {1, . . . , 10} . (25)

At finite lattice spacing a, the relations between the twist angle ✓t, the photon momentum ~k = (0, 0, kz) and x� are
obtained from Eqs. (12) and (16):

kz = �
2

a
sin

⇣a⇡
L
✓t
⌘
, x� =

4

aMDs

sinh�1

✓
a|kz|

2

◆
. (26)

For each gauge ensemble, we obtain each of the values of x� by tuning the twisting angle ✓t using the relations
in Eq. (26) and the value of aMDs . The resulting statistical uncertainty on the values of x� is negligibly small
(typically below O(0.1%)). For an illustration of the quality of the plateaus, we present in Figs. 3 and 4 the estimators
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where BRµ⌫
W

is a prefactor and the ellipsis indicate terms that are subleading in the limit T ! 1. For the Ds meson

MPS
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� at which the
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� = 2
M⌘ss0
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5
We have checked that the results are stable under small shifts, in both forward and backward direction, of the time intervals adopted in

the constant fit.
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infinite volume limits. In this section we also present the determination of the di↵erential decay rate and branching
fraction, as a function of �E� , for the Ds ! e ⌫e � decay. In Sec. V we provide a simple pole-like parameterization of
our data for FV and FA, which may be useful for those interested in using our data for phenomenological analyses.
We also compare the results presented in Sec. IV with predictions from models based on pole dominance or light-cone
sum-rules. Finally in Sec. VI we present our conclusions. There are three appendices to supplement the information in
the main text. In AppendixA we explain the reason for the observed deterioration of the signal-to-noise ratio at large
photon energies. The results for the form factors FV and FA, together with the corresponding correlation matrices are
tabulated in AppendixB so that they can be used in phenomenological studies. In AppendixC we present a detailed
analysis of single-pole parametrizations of our results for the form factors.

II. DEFINITION OF THE FORM FACTORS

In order to make this paper self contained, in this section we briefly summarise our conventions and notation, and
in particular recall the definition of the structure-dependent form factors which had previously been introduced in
Refs. [11, 25–27]. The non-perturbative contribution to the radiative leptonic decay rate for the processes D+

s ! `+⌫`�
is encoded in the hadronic matrix-element

Hr⌫
W (k,p) = ✏rµ(k)H

µ⌫
W (k,p) = ✏rµ(k)

Z
d 4y eik·y h0| T̂[ j⌫W (0)jµem(y)]

��D+
s (p)

↵
, (1)

where T̂ implies time-ordering of the two currents, ✏rµ is the polarisation vector of the outgoing photon with four-
momentum k, p is the three-momentum of the Ds meson, and j⌫W (x) and jµem(x) are the weak and electromagnetic
hadronic currents respectively:

j⌫W (x) = j⌫V (x)� j⌫A(x) =  ̄s(x) (�
⌫
� �⌫�5) c(x) , jµem(x) =

X

f

qf  ̄f (x)�
µ f (x) , (2)

where qf is the electric charge of the flavour f . The hadronic tensor Hµ⌫
W can be decomposed in terms of a “point-

like” contribution Hµ⌫
pt (i.e. the expression obtained by treating the Ds meson as a point-like particle) and four

structure-dependent (SD) scalar form factors, FV , FA, H1 and H2 [11, 25–27] 1:

Hµ⌫
W (k,p) = Hµ⌫

SD(k,p) +Hµ⌫
pt (k,p) (3)
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�i
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pt (k,p) = fDs
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(2p� k)µ(p� k)⌫

2p · k � k2

�
, (5)

where MDs is the mass of the Ds meson and p = (E, p) its four momentum, with E =
q

M2
Ds

+ p2. The point-like

contribution Hµ⌫
pt saturates the Ward-Identity (WI) satisfied by Hµ⌫

W :

kµ H
µ⌫
W (k,p) = kµ H

µ⌫
pt (k,p) = i h0| j⌫W (0)

��D+
s (p)

↵
= fDs p

⌫ . (6)

which implies that kµ H
µ⌫
SD(k,p) = 0. Moreover, when integrating over the full three-body phase space, it is only the

square of the point-like term which is infrared divergent. At order O(↵em), this infrared divergence is cancelled by the
virtual photon correction to the purely leptonic decay.

Eq. (5) is valid for generic (o↵-shell) values of the photon four-momentum k and can also be used to study the
four-body decay D+

s ! `+⌫` `0+`0�, where the `0 are charged leptons, or more generally the decays P ! `⌫` `0+`0� of
any pseudoscalar meson P , as we showed in an exploratory work with P = K [27]. In this paper we study the emission
of a real photon, so that k2 = 0 and ✏r · k = 0, and therefore only the axial form factor FA(p · k) and the vector form
factor FV (p · k), together with the point-like term, contribute to the decay rate for the process D+

s ! `+⌫`�.

1
Here, we use the dimensionless definitions of H1,2 introduced in Ref. [27] which di↵er by simple factors from those used in our earlier

papers [11, 25]. As explained below, the form factors H1,2 do not contribute to the decays studied here, i.e. those with a real photon in

the final state.
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FIG. 10: The branching fraction Br[Ds ! e⌫e�](�E�) for di↵erent values of the lower cut-o↵ �E� on the photon
energy. The red vertical dashed line represents the experimental cut-o↵ �E� = 10MeV imposed in the BESIII
experiment. The blue and red bands correspond respectively to the branching fraction as obtained by employing the
spline interpolation of the lattice results for the form factors or their phenomenological parametrization obtained by
fitting the Ansatz of Eq. (43) (see also Sec. V and Tab.VI for more details).

contribution in �`(�E�) for su�ciently small values of �E�
10. However, the pointlike contribution is also chirally

suppressed with respect to the SD contribution by the factor r2` = (m`/MDs)
2. Unlike the point-like contribution, the

SD contribution to d�(Ds ! `⌫�)/dx� is small at small photon energies, then grows reaching a maximum at some
value of the photon energy which depends on the specific channel considered, and then decreases to zero at the edge of
phase space, i.e. for x� = 1� r2` . Therefore, for a su�ciently large photon energy cut-o↵ �E� and a small value of r`,
the SD contribution to �`(�E�) is the dominant one.

For the radiative leptonic decays of the Ds meson, the only experimental measurement that is currently available is
the branching fraction for Ds ! e⌫e�, for which the BESIII collaboration has given the upper bound at 90% confidence
level [8]

Br[Ds ! e⌫e�](�E�) ⌘
�e(�E�)

�tot
< 1.3⇥ 10�4, ��1

tot = (5.04± 0.04)⇥ 10�13 s [37] , (41)

including photons with energies E� > �E� = 10MeV. Because of the small mass of the electron, re ' 2.6 ⇥ 10�4

compared to rµ ' 5.4 ⇥ 10�2 and r⌧ ' 0.9, the electron channel is the most sensitive to the vector and axial form
factors FV and FA and is therefore the most interesting one phenomenologically. In Fig. 10 we show our determination
of the branching fraction as a function of the cut-o↵ on the photon energy, starting from the cut �E� = 10MeV
employed by the BESIII collaboration in Ref. [8], which is indicated in the figure by the dashed red line. For this
calculation, we used the following values of the CKM matrix element Vcs and of the Ds decay constant, which we have
taken from the 2021 FLAG review [44]

|Vcs| = 0.9741(65) , fDs = 249.9(0.5) MeV [Nf = 2 + 1 + 1 averages] . (42)

We have computed the branching fraction by using the form factors FA,V determined either from the spline interpolation
of our numerical lattice results or by fitting to the phenomenological parametrization of the form factors given in
Eq. (43) below and discussed in the next section. The two di↵erent determinations of the branching fraction are
represented in Fig. 10 by the blue and red bands respectively. The phenomenological parametrization of the form
factor leads to a much more precise determination of the form factors in the kinematical region of high values of x�

10
The infrared divergence in the leptonic decay with a real photon in the final state is cancelled by the O(↵em) virtual photon contribution

to the purely leptonic decay amplitude, through the Bloch-Nordsieck mechanism [43]. The inclusive leptonic decay rate P ! `⌫(�) is

infrared finite.
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factors FV and FA and is therefore the most interesting one phenomenologically. In Fig. 10 we show our determination
of the branching fraction as a function of the cut-o↵ on the photon energy, starting from the cut �E� = 10MeV
employed by the BESIII collaboration in Ref. [8], which is indicated in the figure by the dashed red line. For this
calculation, we used the following values of the CKM matrix element Vcs and of the Ds decay constant, which we have
taken from the 2021 FLAG review [44]

|Vcs| = 0.9741(65) , fDs = 249.9(0.5) MeV [Nf = 2 + 1 + 1 averages] . (42)

We have computed the branching fraction by using the form factors FA,V determined either from the spline interpolation
of our numerical lattice results or by fitting to the phenomenological parametrization of the form factors given in
Eq. (43) below and discussed in the next section. The two di↵erent determinations of the branching fraction are
represented in Fig. 10 by the blue and red bands respectively. The phenomenological parametrization of the form
factor leads to a much more precise determination of the form factors in the kinematical region of high values of x�

10
The infrared divergence in the leptonic decay with a real photon in the final state is cancelled by the O(↵em) virtual photon contribution

to the purely leptonic decay amplitude, through the Bloch-Nordsieck mechanism [43]. The inclusive leptonic decay rate P ! `⌫(�) is

infrared finite.

For a real photon (k2=0) only FV,A contribute  

Br(Eγ > 10 MeV) = 4.4(3) × 10−6 is consistent with the upper bound from the 
BESIII experiment Br(Eγ > 10 MeV) < 1.3 × 10−4 at 90% confidence level 

Ds meson radia<ve form factors
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• Lattice errors roughly commensurate with experimental errors. In the next 5 years or so, these should 
continue to improve and lattice errors may become sub-dominant.

• To go beyond this requires adding EM and strong isospin breaking effects. 
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mixingD � D̄

“Simple”
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• BSMs with heavy new par<cles 
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10 Charm CP violation and oscillations

10.1 D0-D 0
mixing and CP violation

10.1.1 Introduction

The first evidence for D0-D 0 oscillations, or mixing, was obtained in 2007 by Belle [1188] and
BABAR [1189]. These results were confirmed by CDF [1190] and, in 2013 with high statistics,
by LHCb [1191]. There are now numerous measurements of D0-D 0 mixing with various levels
of sensitivity. In 2019, LHCb used all its available data (8.9 fb�1) to observe CP violation
in D decays for the first time [1192]. Recently, LHCb measured the mixing parameters x
and y (see below) with much higher precision [1193] than that of previous measurements. All
these measurements, plus others, are input into a global fit performed by HFLAV to determine
world average values for mixing parameters, CP violation (CPV ) parameters, and strong phase
differences.

Our notation is as follows. We use the phase convention CP |D0
i = �|D 0

i and CP |D 0
i =

�|D0
i [1194] and denote the mass eigenstates as

D1 = p|D0
i � q|D 0

i (229)
D2 = p|D0

i+ q|D 0
i . (230)

With this phase convention, in the absence of CP violation (p= q), D1 is CP -even and D2 is
CP -odd. The mixing parameters are defined as x ⌘ (m1�m2)/� and y ⌘ (�1��2)/(2�), where
m1, m2 and �1, �2 are the masses and decay widths, respectively, of the mass eigenstates, and
� ⌘ (�1 + �2)/2. The global fit determines central values and uncertainties for ten underlying
parameters. These parameters, in addition to x and y, consist of the following:

• CPV parameters |q/p| and Arg(q/p) ⌘ �, which give rise to indirect CPV (see Sec. 10.2
for a discussion of indirect and direct CPV ). Here we assume indirect CPV is “universal,”
i.e., independent of the final state in D0

!f decays.

• direct CPV asymmetries

A
D

⌘
�(D0

!K+⇡�)� �(D 0
!K�⇡+)

�(D0!K+⇡�) + �(D 0!K�⇡+)

A
K

⌘
�(D0

!K+K�)� �(D 0
!K�K+)

�(D0!K+K�) + �(D 0!K�K+)

A
⇡

⌘
�(D0

!⇡+⇡�)� �(D 0
!⇡�⇡+)

�(D0!⇡+⇡�) + �(D 0!⇡�⇡+)
,

where, as indicated, the decay rates are for the pure D0 and D 0 flavour eigenstates.

• the ratio of doubly Cabibbo-suppressed (DCS) to Cabibbo-favored decay rates

R
D

⌘
�(D0

!K+⇡�) + �(D 0
!K�⇡+)

�(D0!K�⇡+) + �(D 0!K+⇡�)
,

where the decay rates are for pure D0 and D 0 flavour eigenstates.
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Table 267: Left column: decay modes used to determine the fitted parameters x, y, �, �
K⇡⇡

,
R

D
, A

D
, A

K
, A

⇡
, |q/p|, and �. Middle column: measured observables for each decay mode.

Right column: relationships between the measured observables and the fitted parameters. The
symbol hti denotes the mean reconstructed decay time for D0

!K+K� or D0
!⇡+⇡� decays.

Decay Mode Observables Relationship

D
0
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+
K

�
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A
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)

D 0
! K+⇡�⇡0 decay amplitude are fitted relative to the phase for A(D 0

! K+⇢�), and
the phases of intermediate resonances for D0

! K+⇡�⇡0 are fitted relative to the phase for
A(D0

! K+⇢�). As the D 0 and D0 Dalitz plots are fitted separately, the phase difference
�
K⇡⇡

= Arg[A(D 0
! K+⇢�)/A(D0

! K+⇢�)] between the reference amplitudes cannot be
determined from these individual fits. However, this phase difference can be constrained in the
global fit and thus is included as a fitted parameter.

All input measurements are listed in Tables 268-270. There are three observables input to
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Figure 88: Two-dimensional contours for parameters (x, y) (upper) and (|q/p|� 1,�) (lower),
allowing for CPV (fit 4).
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the fit that are world average values:
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These are calculated using the COMBOS program [6]. The world average for R
M

is calculated
from measurements of D0

!K+`�⌫ decays [1202–1205]; see Fig. 84. A measurement of R
M

using D0
!K+⇡�⇡+⇡� decays [491] is separately input to the global fit. The inputs used for

the world averages of y
CP

and A� are plotted in Figs. 85 and 86, respectively.
The D0

!K+⇡� measurements used are from Belle [1206,1207], BABAR [1189], CDF [1208],
and LHCb [1209,1210]; earlier measurements are either superseded or have much less precision
and are not used. The observables from D0

! K0
S
⇡+⇡� decays are measured in two ways:

assuming CP conservation (D0 and D 0 decays combined), and allowing for CP violation (D0 and
D 0 decays fitted separately). The no-CPV measurements are from Belle [1211], BABAR [1212],
and LHCb [1213]; for the CPV -allowed case, Belle [1211] and LHCb [1193,1214] measurements
are available. The D0

! K+⇡�⇡0, D0
! K0

S
K+K�, and D0

! ⇡0 ⇡+⇡� results are from
BABAR [1201,1215]; the D0

!K+⇡�⇡+⇡� results are from LHCb [491]; and the  (3770)!DD
results are from CLEOc [1200]. A measurement of the strong phase � by BESIII [1216] using
 (3770)!DD events use HFLAV’s world averages for R

D
and y as external inputs; thus, we

do not include this BESIII result in the global fit.
For each set of correlated observables, we construct a difference vector ~V between the

measured values and those calculated from the fitted parameters using the relations of Table 267.
For example, for D0

!K0
S
⇡+⇡� decays, ~V = (�x,�y,�|q/p|,��), where �x ⌘ xmeasured �

xfitted and similarly for �y,�|q/p|, and ��. The contribution of a set of observables to the fit
�2 is calculated as ~V · (M�1) · ~V T , where M�1 is the inverse of the covariance matrix for the
measured observables. Covariance matrices are constructed from the correlation coefficients
among the observables. These correlation coefficients are furnished by the experiments and
listed in Tables 268-270.

10.1.3 Fit results

The global fitter uses MINUIT with the MIGRAD minimizer, and all uncertainties are obtained
from MINOS [1233]. Three types of fits are performed, as described below.

1) Assuming CP conservation, i.e., fixing A
D
=0, AK =0, A

⇡
=0, �=0, and |q/p|=1. All

other parameters (x, y, �, R
D
, �

K⇡⇡
) are floated.

2a) Assuming no sub-leading amplitudes in CF and DCS decays. In addition, sub-leading
amplitudes in SCS decays are neglected in indirect CPV observables, as their contri-
bution is suppressed by the mixing parameters x and y. These simplifictions have two
consequences [1234]: (a) no direct CPV in CF or DCS decays (A

D
= 0); and (b) only

short-distance dispersive amplitudes contribute to indirect CPV . The latter implies that
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Table 268: Observables used in the global fit, except those from time-dependent D0
!K+⇡�

measurements and those from direct CPV measurements. The latter measurements are listed
in Tables 269 and 270, respectively.

Mode Observable Values Correlation coefficients

D
0
!K

+
K

�
/⇡

+
⇡
�,

�K
0

S

yCP

A
�

(0.719± 0.113)%

(0.0089± 0.0113)%

D
0
!K

0

S ⇡
+
⇡
� [1211]

(Belle: no CPV )

x

y

(0.56± 0.19+0.067
�0.127)%

(0.30± 0.15+0.050
�0.078)%

+0.012

D
0
!K

0

S ⇡
+
⇡
� [1211]

(Belle: no direct CPV )

|q/p|

�

0.90+0.16
�0.15

+0.078
�0.064

(�6± 11+4.2
�5.0) degrees

8
>>>>><

>>>>>:

1 0.054 �0.074 �0.031

1 0.034 �0.019

1 0.044

1

9
>>>>>=

>>>>>;

D
0
!K

0

S ⇡
+
⇡
� [1211]

(Belle: direct

CPV allowed)

x

y

|q/p|

�

(0.58± 0.19+0.0734
�0.1177)%

(0.27± 0.16+0.0546
�0.0854)%

0.82+0.20
�0.18

+0.0807
�0.0645

(�13+12

�13

+4.15
�4.77) degrees

same as above

D
0
!K

0

S ⇡
+
⇡
� [1213]

(LHCb: 1 fb�1

no CPV )

x

y

(�0.86 ± 0.53 ± 0.17)%

(0.03 ± 0.46 ± 0.13)%
+0.37

D
0
!K

0

S ⇡
+
⇡
� [1214]

(LHCb: 3 fb�1

CPV allowed)

xCP

yCP

�x

�y

(0.27 ± 0.16 ± 0.04)%

(0.74 ± 0.36 ± 0.11)%

(�0.053 ± 0.070 ± 0.022)%

(0.06 ± 0.16 ± 0.03)%

8
>>>>><

>>>>>:

1 (�0.17 + 0.15) (0.04 + 0.01) (�0.02� 0.02)

1 (�0.03� 0.05) (0.01� 0.03)

1 (�0.13 + 0.14)

1

9
>>>>>=

>>>>>;

Notation: above coefficients are (statistical+systematic).

For (x, y, |q/p|,�) ! (xCP , yCP ,�x,�y) mapping, see [1217].

D
0
!K

0

S ⇡
+
⇡
� [1193]

(LHCb: 5.4 fb�1

CPV allowed)

xCP

yCP

�x

�y

(0.397 ± 0.046 ± 0.029)%

(0.459 ± 0.120 ± 0.085)%

(�0.027 ± 0.018 ± 0.001)%

(0.020 ± 0.036 ± 0.013)%

8
>>>>><

>>>>>:

1 (0.11 + 0.13) (�0.02 + 0.01) (�0.01 + 0.01)

1 (�0.01� 0.02) (�0.05 + 0.01)

1 (0.08 + 0.31)

1

9
>>>>>=

>>>>>;

D
0
!K

0

S ⇡
+
⇡
� [1212]

K
0

S K
+
K

�

(BABAR: no CPV )

x

y

(0.16± 0.23± 0.12± 0.08)%

(0.57± 0.20± 0.13± 0.07)%
+0.0615

D
0
!⇡

0
⇡
+
⇡
� [1215]

(BABAR: no CPV )

x

y

(1.5± 1.2± 0.6)%

(0.2± 0.9± 0.5)%
�0.006

D
0
!K

+
`
�
⌫ RM (0.0130± 0.0269)%

D
0
!K

+
⇡
�
⇡
0 [1201]

x
00

y
00

(2.61+0.57
�0.68 ± 0.39)%

(�0.06+0.55
�0.64 ± 0.34)%

�0.75

D
0
!K

+
⇡
�
⇡
+
⇡
� [491] RM/2 (4.8± 1.8)⇥ 10�5

 (3770)!DD [1200]

(CLEOc)

RD

x
2

y

cos �

sin �

(0.533± 0.107± 0.045)%

(0.06± 0.23± 0.11)%

(4.2± 2.0± 1.0)%

0.81+0.22
�0.18

+0.07
�0.05

�0.01± 0.41± 0.04

8
>>>>>>>><

>>>>>>>>:

1 0 0 �0.42 0.01

1 �0.73 0.39 0.02

1 �0.53 �0.03

1 0.04

1

9
>>>>>>>>=

>>>>>>>>;
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Figure 58: Two-dimensional contours for parameters (x, y) (top) and (|q/p|,φ) (bottom), al-
lowing for CPV .
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Figure 58: Two-dimensional contours for parameters (x, y) (top) and (|q/p|,φ) (bottom), al-
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10.4 Interplay between direct and indirect CP violation

In decays of D0 mesons, CP asymmetry measurements have contributions from both direct and
indirect CP violation, as discussed in Sec. 10.1. The contribution from indirect CP violation
depends on the decay-time distribution of the data sample [1234]. This section describes a
combination of measurements that allows the determination of the individual contributions of
the two types of CP violation. At the same time, the level of agreement for a no-CP -violation
hypothesis is tested. The first observable is

A� ⌘
⌧(D 0

!h+h�)� ⌧(D0
!h+h�)

⌧(D 0!h+h�) + ⌧(D0!h+h�)
, (253)

where h+h� can be K+K� or ⇡+⇡� and ⌧(D0
! h+h�) indicates the effective D0 lifetime as

measured in the decay to h+h�. The second observable is

�ACP ⌘ ACP (K
+K�)� ACP (⇡

+⇡�), (254)

where ACP are time-integrated CP asymmetries. The underlying theoretical parameters are

adir
CP

⌘
|AD0!f |

2
� |A

D 0!f
|
2

|AD0!f |
2 + |A

D 0!f
|2
,

aind
CP

⌘
1

2

✓����
q
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p

q

����

◆
x sin��
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q

p
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p

q

����

◆
y cos�

�
, (255)

where AD!f is the amplitude for D!f [1315]. We use the relations [1316]

A� = �aind
CP

� adir
CP

yCP , (256)

�ACP = �adir
CP

 
1 + yCP

hti

⌧

!
+ aind

CP

�hti

⌧
+ adir

CP
yCP

�hti

⌧
,

⇡ �adir
CP

 
1 + yCP

hti

⌧

!
+ aind

CP

�hti

⌧
(257)

between the observables and the underlying parameters. Equation (256) constrains mostly
indirect CP violation, and the direct CP violation contribution can differ for different final
states. In Eq. (257), hti/⌧ denotes the mean decay time in units of the D0 lifetime; �X
denotes the difference in quantity X between K+K� and ⇡+⇡� final states; and X denotes
the average for quantity X. We neglect the last term in this relation, as all three factors
are O(10�2) or smaller, and thus this term is negligible with respect to the other two terms.
Note that �hti/⌧ ⌧ hti/⌧ , and it is expected that |adir

CP
| < |�adir

CP
| because adir

CP
(K+K�) and

adir
CP

(⇡+⇡�) are expected to have opposite signs in the Standard Model [1315].
We perform a �2 fit to extract �adir

CP
and aind

CP
using the HFLAV average value yCP =

(0.719 ± 0.113)% (see Sec. 10.1) and the measurements listed in Table 282. For the BABAR
measurements of ACP (K+K�) and ACP (⇡+⇡�), we calculate �ACP adding all uncertainties
in quadrature. This may overestimate the systematic uncertainty for the difference, as it
neglects correlated uncertainties. However, the result is conservative, and the effect is small,
as all measurements are statistically limited. For all measurements, statistical and systematic
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Table 282: Inputs to the fit for direct and indirect CP violation. The first uncertainty listed is
statistical and the second is systematic. The uncertainties on �hti/⌧ and hti/⌧ are  0.01 and
are not quoted here.

Year Experiment Results �hti/⌧ hti/⌧ Reference
2012 BABAR A� = (+0.09± 0.26± 0.06)% - - [1226]
2021 LHCb �Y (KK) = (�0.003± 0.013± 0.003)% - - [1232]

�Y (⇡⇡) = (�0.036± 0.024± 0.004)% - -
2014 CDF A� = (�0.12± 0.12)% - - [1231]
2015 Belle A� = (�0.03± 0.20± 0.07)% - - [1228]
2008 BABAR ACP (KK) = (+0.00± 0.34± 0.13)%

ACP (⇡⇡) = (�0.24± 0.52± 0.22)% 0.00 1.00 [1218]
2012 CDF �ACP = (�0.62± 0.21± 0.10)% 0.25 2.58 [1221]
2014 LHCb SL �ACP = (+0.14± 0.16± 0.08)% 0.01 1.07 [1317]
2016 LHCb prompt �ACP = (�0.10± 0.08± 0.03)% 0.12 2.10 [1318]
2019 LHCb SL2 �ACP = (�0.09± 0.08± 0.05)% 0.00 1.21 [1192]
2019 LHCb prompt2 �ACP = (�0.18± 0.03± 0.09)% 0.13 1.74 [1192]

uncertainties are added in quadrature when calculating the �2. In this fit, A�(KK) and A�(⇡⇡)
are assumed to be identical but are plotted separately in Fig. 90 to visualise their level of
agreement. This approximation, which holds in the SM, is supported by all measurements to
date. A significant relative shift of �ACP due to final-state-dependent A� values and different
mean decay times, corresponding to a contribution from the last term in Eq. 257, is excluded
by these measurements. The latest LHCb measurement measures �Y , which is approximately
equal to �A� with the relative difference being yCP .

The fit results are shown in Fig. 90. From the fit, the change in �2 from the minimum
value for the no-CPV point (0,0) is 33.0, which corresponds to a C.L. of 6.9 ⇥ 10�8 for two
degrees of freedom or 5.4 standard deviations. The central values and ±1� uncertainties for
the individual parameters are

aind
CP

= (�0.010± 0.012)%

�adir
CP

= (�0.161± 0.028)%. (258)

Relative to the average reported in our previous report [1], the level of rejection of the hypoth-
esis of CP symmetry remains approximately unchanged, and the uncertainty on indirect CP
violation has more than halved. The average clearly points at CP violation in the decays to
two charged hadrons.
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statistical and the second is systematic. The uncertainties on �hti/⌧ and hti/⌧ are  0.01 and
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2019 LHCb SL2 �ACP = (�0.09± 0.08± 0.05)% 0.00 1.21 [1192]
2019 LHCb prompt2 �ACP = (�0.18± 0.03± 0.09)% 0.13 1.74 [1192]

uncertainties are added in quadrature when calculating the �2. In this fit, A�(KK) and A�(⇡⇡)
are assumed to be identical but are plotted separately in Fig. 90 to visualise their level of
agreement. This approximation, which holds in the SM, is supported by all measurements to
date. A significant relative shift of �ACP due to final-state-dependent A� values and different
mean decay times, corresponding to a contribution from the last term in Eq. 257, is excluded
by these measurements. The latest LHCb measurement measures �Y , which is approximately
equal to �A� with the relative difference being yCP .

The fit results are shown in Fig. 90. From the fit, the change in �2 from the minimum
value for the no-CPV point (0,0) is 33.0, which corresponds to a C.L. of 6.9 ⇥ 10�8 for two
degrees of freedom or 5.4 standard deviations. The central values and ±1� uncertainties for
the individual parameters are
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Relative to the average reported in our previous report [1], the level of rejection of the hypoth-
esis of CP symmetry remains approximately unchanged, and the uncertainty on indirect CP
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Figure 159: Plot of all data and the fit result. Individual measurements are plotted as bands
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value is indicated by a cross showing the one-dimensional errors. Two-dimensional 68% CL,
95% CL, and 99.7% CL regions are plotted as ellipses.
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Table 228: Inputs to the fit for direct and indirect CP violation. The first uncertainty listed is
statistical, and the second is systematic.

Year Experiment Results �hti/⌧ hti/⌧ Reference
2012 Belle prel. A� = (�0.03± 0.20± 0.08)% - - [763]
2012 BABAR A� = (0.09± 0.26± 0.06)% - - [764]
2013 LHCb A�(KK) = (�0.035± 0.062± 0.012)% - - [766]

A�(⇡⇡) = (0.033± 0.106± 0.014)% - -
2008 BABAR ACP(KK) = (0.00± 0.34± 0.13)%

ACP(⇡⇡) = (�0.24± 0.52± 0.22)% 0.00 1.00 [754]
2012 Belle prel. �ACP = (�0.87± 0.41± 0.06)% 0.00 1.00 [819]
2012 CDF �ACP = (�0.62± 0.21± 0.10)% 0.25 2.58 [757]
2013 LHCb prel. �ACP = (�0.34± 0.15± 0.10)% 0.11 2.10 [820]
2014 LHCb �ACP = (0.14± 0.16± 0.08)% 0.01 1.07 [742]

In this fit, A�(KK) and A�(⇡⇡) are assumed to be identical. This assumption is supported
by the most recent LHCb measurements [766]. A significant relative shift due to final-state
dependent A� values between �ACP measurements with different mean decay times is excluded
by these measurements.

The combination plot (see Fig. 159) shows the measurements listed in Table 228 for �ACP

and A�, where the bands represent ±1� intervals. The point of no CP violation (0,0) is shown
as a filled circle, and two-dimensional 68% CL, 95% CL, and 99.7% CL regions are plotted as
ellipses. The best fit value is indicated by a cross showing the one-dimensional errors.

From the fit, the change in �2 from the minimum value for the no-CPV point (0,0) is
5.9, which corresponds to a CL of 5.1 ⇥ 10�2 for two degrees of freedom. Thus the data are
consistent with the no-CP -violation hypothesis at 5.1% CL. This p-value corresponds to 2.0�.
The central values and ±1� errors for the individual parameters are

aindCP = (0.013± 0.052)%

�adirCP = (�0.253± 0.104)%. (209)

These values indicate that the present small deviation from no CP violation is primarily due
to a difference between direct CP violation in the two final states, rather than due to common
indirect CP violation.
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Table 228: Inputs to the fit for direct and indirect CP violation. The first uncertainty listed is
statistical, and the second is systematic.

Year Experiment Results �hti/⌧ hti/⌧ Reference
2012 Belle prel. A� = (�0.03± 0.20± 0.08)% - - [763]
2012 BABAR A� = (0.09± 0.26± 0.06)% - - [764]
2013 LHCb A�(KK) = (�0.035± 0.062± 0.012)% - - [766]

A�(⇡⇡) = (0.033± 0.106± 0.014)% - -
2008 BABAR ACP(KK) = (0.00± 0.34± 0.13)%

ACP(⇡⇡) = (�0.24± 0.52± 0.22)% 0.00 1.00 [754]
2012 Belle prel. �ACP = (�0.87± 0.41± 0.06)% 0.00 1.00 [819]
2012 CDF �ACP = (�0.62± 0.21± 0.10)% 0.25 2.58 [757]
2013 LHCb prel. �ACP = (�0.34± 0.15± 0.10)% 0.11 2.10 [820]
2014 LHCb �ACP = (0.14± 0.16± 0.08)% 0.01 1.07 [742]

In this fit, A�(KK) and A�(⇡⇡) are assumed to be identical. This assumption is supported
by the most recent LHCb measurements [766]. A significant relative shift due to final-state
dependent A� values between �ACP measurements with different mean decay times is excluded
by these measurements.

The combination plot (see Fig. 159) shows the measurements listed in Table 228 for �ACP

and A�, where the bands represent ±1� intervals. The point of no CP violation (0,0) is shown
as a filled circle, and two-dimensional 68% CL, 95% CL, and 99.7% CL regions are plotted as
ellipses. The best fit value is indicated by a cross showing the one-dimensional errors.

From the fit, the change in �2 from the minimum value for the no-CPV point (0,0) is
5.9, which corresponds to a CL of 5.1 ⇥ 10�2 for two degrees of freedom. Thus the data are
consistent with the no-CP -violation hypothesis at 5.1% CL. This p-value corresponds to 2.0�.
The central values and ±1� errors for the individual parameters are

aindCP = (0.013± 0.052)%

�adirCP = (�0.253± 0.104)%. (209)

These values indicate that the present small deviation from no CP violation is primarily due
to a difference between direct CP violation in the two final states, rather than due to common
indirect CP violation.
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1. Introduction

One of the three necessary conditions for baryon asymmetry in the Universe is the noninvariance
of the fundamental interactions under the simultaneous transformation of the charge conjugation
(⇠) and parity (%) operators, referred to as ⇠% violation [1]. In the Standard Model (SM) of
particle physics, the Cabibbo-Kobayashi-Maskawa [2] formalism describes ⇠% violation through
an irreducible phase in the quark-mixing matrix. The recent observation of ⇠% violation in the
charm quark sector [3] stimulates a wide discussion to understand its nature. Further precise
measurements may resolve the intricate theoretical debate on whether the observed value is consistent
with the SM [4–8]. The discovery measurement of ⇠% violation in neutral charm meson decays used
the difference between two time-integrated ⇠%-violating asymmetries of Cabibbo-suppressed ⇡0

decays, ��⇠% = A⇠% ( � +
) �A⇠% (c�c+), found to be ��⇠% = (�15.4 ± 2.9) ⇥ 10�4 [3]. The

time-integrated ⇠% asymmetry for 5 =  � + and 5 = c�c+ can be written as1

A⇠% ( 5 ) ⇡ 0
3
5 +

hCi 5
g⇡

· �. 5 , (1)

where 035 is the⇠% violation in the decay amplitude,�. 5 is related to mixing-induced⇠% violation [9],
hCi 5 is the mean decay time of the ⇡0 mesons in the experimental data sample, and g⇡ is the ⇡0

lifetime.
This document presents a measurement of the time-integrated ⇠% asymmetry in ⇡0

! � +

decays. Combining the measurements of A⇠% ( � +
), ��⇠% and �. it is possible to quantify

the amount of ⇠% violation in the decay amplitude for ⇡0
!  � + and ⇡0

! c�c+ decays and
provide important insight in the breaking of*-spin symmetry.

2. Direct ⇠% asymmetries in ⇡0
!  � + and ⇡0

! c�c+ decays

The measurement of A⇠% ( � +
) is performed using proton-proton (??) collision data collected

with the LHCb detector during Run 2 (
p
B =13 TeV, 5.7 fb�1) [10]. Previous attempts are reported in

Refs. [11, 12]. The neutral charm mesons considered are produced in the strong-interaction decays
⇡⇤+

! ⇡0c+. where the charge of the accompanying “tagging” pion (c+tag) is used to identify the
flavour of the ⇡0 meson at production2. The measured asymmetry, �( � +

), is defined as

�( � +
) ⌘

#
�
⇡⇤+

! ⇡0c+
�
� #

⇣
⇡⇤�

! ⇡0c�
⌘

#
�
⇡⇤+ ! ⇡0c+

�
+ #

⇣
⇡⇤� ! ⇡0c�

⌘ , (2)

where # denotes the observed signal yield in the data, and the ⇡0 meson decays into  � +. This
asymmetry can be approximated3 as

�( � +
) ⇡ A⇠% ( 

� +
) + �P(⇡

⇤+
) + �D(c

+

tag), (3)

1The equation is valid up to first order in the ⇡0 mixing parameters [9].
2Throughout this document, the inclusion of charge conjugation decay modes is implied, except in the definition of the

asymmetries, and ⇡⇤+ and q indicate the ⇡⇤
(2010)+ and q(1020) mesons, respectively.

3The equation is valid up to corrections of O(10�6
) assuming individual terms of O(10�2

) or less [10].
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𝑎𝑑f is the 𝐶𝑃 violabon in the decay amplitude 

Δ𝑌f is related to mixing-induced 𝐶𝑃 violabon 

<t>f  is the mean decay life<me of D0

τ is the life<me of D0
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Source C⇡+ [10�4] C⇡+
B

[10�4] Corr.

Fit model 1.1 1.0 0.05
Peaking backgrounds 0.3 0.4 0.74
Secondary decays 0.6 0.3 –
Kinematic weighting 0.8 0.4 –
Neutral kaon asymmetry 0.6 1.3 1.00
Charged kaon asymmetry – 1.0 –

Total 1.6 2.0 0.28

Table 2: Systematic uncertainties on A⇠% ( � +
) for the two calibration procedures C⇡+ and C⇡+

B
. The total

uncertainties are obtained as the sums in quadrature of the individual contributions. Correlations between the
systematic uncertainties of the two calibration procedures are also reported.
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CPVNo direct 
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contours hold 68.3%, 99.7%, 99.9999% CL

Figure 2: Central values and two-dimensional confidence regions in the (03 � + , 03c� c+ ) plane for the
combination of the LHCb currently public results obtained with the dataset taken between 2010 and 2018.

contributions are estimated to be of the order of 10�5 [9]. The combination includes the previous
LHCb measurements of A⇠% ( � +

) [11, 12] and ��⇠% [3] as well as the current LHCb average of
�. [9], the world average of the ⇡0 lifetime [13] and the values of reconstructed mean decay times
for the ⇡0

!  � + and ⇡0
! c�c+ decays in the various analysis. The combination leads to

03 � + = ( 7.7 ± 5.7) ⇥ 10�4,

03c� c+ = (23.2 ± 6.1) ⇥ 10�4,

where the uncertainties include systematic and statistical contributions with a correlation coefficient
of 0.88. Figure 2 shows the central values and the confidence regions in the (03 � + , 03c� c+) plane for
this combination. The direct ⇠% asymmetries deviate from zero by 1.4 and 3.8 standard deviations
for ⇡0

!  � + and ⇡0
! c�c+ decays, respectively. This is the first evidence for direct ⇠%

violation in the ⇡0
! c�c+ decay. *-spin symmetry implies 03 � + + 03c� c+ = 0. A value of

5
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4Rescattering in weak decays
● Strong and weak dynamics factorize (first order in weak interactions); 

strong dynamics is blind to specifics of weak interactions

● Rescattering among light stable final-state particles produces a CP-
even (strong) phase; elastic limit: Fermi-Watson theorem

● Relate dispersive and absorptive parts based on analyticity of 
rescattering amplitude (Mandelstam variables)

D
K
K ⌃

⌃ ⌃
⌃Charm-meson

      decays:

Strong dynamics: -isospin, 
flavour and CP conserving

Weak vertex: 
source of CPV

or K K
Dispersion Relation (DR) for Ω

L. VALE SILVA

(dispersive)
(absorptive)

Pich, Solomonidi, Vale Silva
2305.11951

U-spin CP anomaly 
Bause et al., 2210.16330



Search for New Physics in Charm Processes

Experimental searches

• low energies 

• high energies 

Theore<cal framework

• Models (new gauge bosons, new scalars, new fermions,…)

• Model independent searches, e.g. SMEFT

Why do we expect NP?

- origin of neutrino masses, dark mauer, source of addi<onal CP

- flavor anomalies in B mesons

If anomalies are in processes with the b quark, how to test up-quark sector? 



Mo<va<on from  B anomaly:
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Example i)  b → cτν̄

<latexit sha1_base64="6ifmocgminU6qwszjCSyxRP7ESM="></latexit>

RD(⇤) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)µ⌫)

•  and  : dominated by BaBar! 

• LHCb also measured  and , but with limited precision. 

• It can only be accommodated by New Physics with  .

Rexp
D Rexp

D*

Rexp
J/ψ Rexp

Λc

Λ ≲ 10 TeV

Needs urgent clarification from Belle-II and LHCb (run-2) data!

See talks by Y. Fan, Fazzini, Lytle and Vos

[Di Luzio et al. ’17]

• RD
exp and RD*

exp : dominated by BaBar!
• In RJ/𝜓exp and R Λc exp limited precision.

Solu<on for the puzzle  New Physics! 
Due to unitarity and perturbativity arguments e.g. di Luzio et al., 
1604.05746 scale of New Physic below 10 TeV

New Belle-II and LHCb (run-2) data urgently needed! 
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EFT for b → cτν̄
<latexit sha1_base64="CXbMCbOODrOak4mXJugMvGr4xS0="></latexit>

Le↵ = �2
p
2GFVcb

h
(1 + gVL)

�
c̄L�µbL

��
¯̀
L�µ⌫L

�
+ gVR

�
c̄R�µbR

��
¯̀
L�µ⌫L

�

+ gSR

�
c̄LbR

��
¯̀
R⌫L

�
+ gSL

�
c̄RbL

��
¯̀
R⌫L

�
+ gT

�
c̄R�µ⌫bL

��
¯̀
R�µ⌫⌫L

�i
+ h.c.

•   gauge invariance implies that only  ,  ,  and   
can break LFU at . 

• Few scenarios can accommodate data: 

SU(3)c × SU(2)L × U(1)Y gVL
gSL

gSR
gT

d = 6

Only scalar/vector leptoquarks can do the job!

-  :   ,   

-  :    

-  :   , 

U1 ∼ (3, 1, 2/3) gVL
gSR

R2 ∼ (3, 2, 7/6) gSL
= 4gT

S1 ∼ (3, 1, 1/3) gSL
= − 4gT gVL

see e.g. [Angelescu, Becirevic, Faroughy, Jaffredo, OS, ’21]
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gSR
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S1 ∼ (3, 1, 1/3) gSL
= − 4gT gVL

see e.g. [Angelescu, Becirevic, Faroughy, Jaffredo, OS, ’21]

Angelescu et al., 2103.12504.

If we assume that NP in can be es<mated by CKM matrix element for gV, 
this requires knowledge of fDs, and/or Vcs known at the level less than 1%! 

Ds ! ⌧⌫

<latexit sha1_base64="ZpAUp9KjSexqtJOEdoM1+oQaVKA="></latexit>

Comment



Puzzles in b → 𝑠 µµ transition

Bs ! K⇤0µµ and B ! ⇡ee. As for theoretical predictions of these observables, they were
straightforward to implement thanks to the aforementioned general implementation of the
B ! P, V decays in flavio. Moreover, we implement the latest available B ! ⇡ form
factors from Ref. [78] where a combined fit to LCSR and lattice data was performed. We
follow closely Ref. [45] for the treatment of resonant regions in Bs ! K⇤0µµ, which adds
an additional source of theoretical uncertainty at the level of 8% (see Appendix of Ref. [45]
for details).

As for model-independent analyses, b ! sµµ and b ! see have been analyzed in great
detail [43, 79–83]. The b ! dµµ sector has been recently analyzed in a model-independent
way in Ref. [45] and we have been able to reproduce their bounds on various Cbdµµ

i . These
types of analyses can be done efficiently with flavio – we will demonstrate this firstly by
presenting an updated global analysis of b ! sµµ in light of the new RK(⇤) measurement
by LHCb [14, 15] and secondly by studying b ! dee transitions, commenting on similarities
and differences with respect to b ! dµµ transitions. In all cases, we consider only real
Wilson coefficients, see e.g. [43, 84–89] for discussions on CP violating effects.

2.2 Model-independent bounds from b ! s``

Rare B decays based on the b ! s`` transitions have received a lot of attention over the past
years because in these decays a sizeable number of experimental measurements have shown
deviations from the SM predictions. In particular, LHCb has found discrepancies in several
observables that contain only muons in the final state, namely in branching fractions of
B ! Kµµ, B ! K⇤µµ, and Bs ! �µµ [10–13] as well as in angular observables of
B ! K⇤µµ [5, 6] and Bs ! �µµ [90]. In addition to these so-called b ! sµµ anomalies,
also ratios of branching fractions with different leptons in the final states previously showed
tensions with SM predictions in the µ/e LFU observables

RK =
BR(B ! Kµ+µ�)

BR(B ! Ke+e�)
and RK⇤ =

BR(B ! K⇤µ+µ�)

BR(B ! K⇤e+e�)
. (2.6)

Interestingly, both the b ! sµµ anomalies and the hints for µ/e LFU violation could be
consistently explained by new physics contributions to a linear combination of the Wilson
coefficients Cbsµµ

9 and Cbsµµ
10 (cf. Eqs. (2.2) and (2.3)) as shown in global fits performed by

several groups [23, 39–43].
Recently, LHCb has announced a combined analysis of RK and RK⇤ [14, 15], which

takes into account the full LHC Run II data and supersedes their previous results. They
report the values

0.1 < q2 < 1.1 :

(
RK = 0.994 +0.090

�0.082(stat)+0.029
�0.027(syst),

RK⇤ = 0.927 +0.093
�0.087(stat)+0.036

�0.035(syst),

1.1 < q2 < 6.0 :

(
RK = 0.949 +0.042

�0.041(stat)+0.022
�0.022(syst),

RK⇤ = 1.027 +0.072
�0.068(stat)+0.027

�0.026(syst),

(2.7)

while also providing correlations between RK and RK⇤ , which we do not list here but
take into account in our analysis. These updated results are fully compatible with the

– 6 –

Greljo et al., 2212.10497

In this work, at low energies, we focus on leptonic and semileptonic B-meson decays
with the underlying b ! q`` transitions with q = d, s and ` = e, µ. In general, these can
be classified according to the final state as B ! ``, B ! P `` and B ! V `` decays, with
B denoting any charged/neutral B meson and P (V ) denoting a pseudoscalar (vector) final
state meson. Observables belonging to each of these classes are implemented in a general
way in the flavio.physics.bdecays submodule, from (differential) branching ratios, to
various CP-violating and angular observables. The short-distance contributions to each
observable include the SM contributions, as well as the model-independent contributions in
the WET at the scale of µ = 4.8 GeV, with the weak effective Hamiltonian defined as
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Figure 2: Constraints on two different WET scenarios including the recently updated
measurement of RK(⇤) by LHCb [14, 15]. For details see Section 2.2.

local hadronic contributions is a matter of ongoing extensive discussions, see e.g. [23, 91].
Interesting 2D scenarios are:

• (Cuniv.
9 , �Cbsµµ

9 = �Cbsµµ
10 ), where Cbsµµ

9 = Cuniv.
9 + �Cbsµµ

9 and Cbsee
9 = Cuniv.

9 . This
scenario was previously found to be well suited to explain tensions between RK(⇤) and
b ! sµµ observables [44, 80]. Furthermore, it is motivated by the fact that Cuniv.

9

can be generated through RGE effects in the WET [92], the SMEFT [44], and in
UV models [93].1 The results of a fit in this scenario are shown in the left panel of
Fig. 2. The fit shows a clear preference for non-zero Cuniv.

9 , which can fully remove
the tension between RK(⇤) and the b ! sµµ observables. For the “rare B decays”
global fit, the Gaussian approximation at the best-fit point is

Cuniv.
9 = �0.64 ± 0.22 ,

�Cbsµµ
9 = �Cbsµµ

10 = �0.11 ± 0.06 ,
(2.8)

with a correlation coefficient ⇢ = �0.33.

• (Cuniv.
9 = �Cuniv.

10 , �Cbsµµ
9 = ��Cbsµµ

10 ), where Cbsµµ
9,10 = Cuniv.

9,10 + �Cbsµµ
9,10 and Cbsee

9,10 =

Cuniv.
9,10 . This scenario corresponds to NP coupling purely to left-handed SM fields.

We find that a non-zero Cuniv.
9 = �Cuniv.

10 can consistently explain the b ! sµµ

anomalies, while the LFU violating purely muonic contribution to �Cbsµµ
9 = ��Cbsµµ

10

1NP could also generate b ! scc̄ transitions which then lead to Ce↵
9 [94–96]. Moreover, Cuniv.

9 could
be generated through RGE mixing of four-quark operators in the SMEFT [44] (e.g. from a leptophobic
Z0), which could potentially be probed by searches for a dijet tails/resonances [97]. Another option is to
generate large b ! s⌧⌧ transitions which through RGE also give Ce↵

9 [44, 80, 92, 93]. The complementary
constraint at high-pT is a non-resonant deviation in the high-mass ⌧⌧ tails [54].
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CSM
7 = 0.29; CSM

9 = 4.1; CSM
10 = �4.3;

Buras et al.,hep-ph/9311345;
Altmannshofer et al., 0811.1214; 
Bobeth et al., hep-ph/9910220
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RK(⇤) =
BR(B ! K(⇤)µ+µ�)

BR(B ! K(⇤)e+e�)

Angular observables, P5’ still remains.
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How to search for New Physics?

To rely on  NP models resolving RD(*)

disappearance of RK(*) puzzle

Mo<va<on: charged current weak processes with b quark

Mo<va<on: FCNC processes

hopes for NP in b→ 𝑠 𝜇𝜇

Mo<va<on (g-2)µ unseuled HVP, …

LHC did not find any evidence for NP particles

Most favourable Leptoquarks
   

New vector-like fermions 
New gauge bosons
New scalars (2THDM)

Lepton flavour universality viola<on?



NP in CHARM processes?

Models of NP

Leptoquarks can only accommodate RD(*) 
Dorsner, SF, Greljo, Kamenik,Kosnik 1603.04993

Scalar LQs they can modify Yukawa couplings (S1(3,1,1/3) and R2(3,2,7,6) for RD(*))
hopefully can help in understanding origin of flavour masses 
and understanding flavour puzzle (why masses of quarks and leptons a so different)

Vector LQs prefarably should be gauge bosons, that requires full UV theory
Some GUTs, Pati-Salam-like theories ( candidate to explain RD(*)  U1 (3,1,2/3) 

Z’ as a new gauge boson of additional U(1) gauge group (accompanied by 2HDM)
explanation of Charm CP violation, D meson mixing.

LQ= (SU(3)c,SU(2)L,U(1)Y)

Charged current weak  processes  in LQ models which explain B anomalies marginally contriburte -% level.
In  charm rare decays-FCNC efects are supressed ususally by Vcb Vub

* leading to a small effect..

Charm and top offer unique probes of NP  in up sector



Standard model effec<ve field theory 
SMEFT

• Expecta<on: NP appears on high energy scale Λ; 

• No new degrees of freedom bellow this scale;

• New NP mediators create operators of dimension d≥ 5;

• Integra<ng out heavy degrees of freedom we create new operators not present in the SM 

energy

v= 246 GeV,

SM 

mt
mH
mW

UV theory 

Λ

no new par<cles

Leff = �GFp
2
J†
µJ

µ

Weak interac<ons before SM

However, we know that at low energies  
<latexit sha1_base64="YF/NDC/NXmwmZo0Hg1z6a65e+ko="></latexit>

g22
8m2

W

=
GFp
2
=

1

2 v2
Energy scale of SU(2)L × U 1 Y



SMEFT

new heavy par<cle

integrate out heavy field

Effec<ve operators 2499 possibili<es 

<latexit sha1_base64="iMxcsHdhU5jWM8hbu3Oiv96d/g0="></latexit>

LSMEFT = LSM +
X

k,d

Cd
k

⇤d�4
O

d
i

Gauge fields, Higgs d≥ 5

SMEFT papers: Manohar et al., 1308.2627, 
1309.0819, 1310,4838, 1312.2014

Warsaw basis, Grzadkowski et al,  1008.4884 

Important feature of the SMEFT approach: 
running under SM gauge group

• There are 1350 CP-even and 1149 CP-odd parameters in the dimension-six Lagrangian for 3 genera<ons, and 
our results give the en<re 2499 × 2499 anomalous dimension matrix. 



• Manohar et al. (1310.4838) , in three SMEFT papers calculated the complete order y2 and y4 terms of the 2499 ×
2499 one-loop anomalous dimension matrix for the dimension-six operators of the SMEFT (y is a generic Yukawa 
coupling)   

• Also they determined (1312.2014) the gauge terms of the one-loop anomalous dimension matrix 
for the dimension-six operators of the 

` `

t t

�

` `

t t

h

` `

t t

h

hh

Figure 9. One-loop diagrams appearing in the EW matching of O5,` to Q2,` (left, Section B.2), in
the matching O4,` to Q1,` (center, Section B.1) and in the 2HDM matching to O1,` (right, in the
full theory, the operator insertion should be replaced by a heavy Higgs propagator, see Section B.3
for details).

The Feynamn rule for the effective vertex is

FR4 = iĈ4,`�c3,c4P1,2P3,4 . (B.1)

In our case, 1, 2 are the two muons and 3, 4 are the two tops, both with Pi,j = PR =

(1 + �5)/2. The indices c3, c4 run over the top colors. We can now use this simple
expression in the fermion loop trace.

The amplitude reads
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We further simplify this expression by taking mh ⌧ mt, or equivalently zero external
momenta. Thus p2

h
= 0 and � = m

2
t . The integral in dx is now trivial and the d-dimensional

integral gives

M =

p
2ytNcĈ4,`

im
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Expanding d ! 4� 2" for " ! 0 and taking care of the pole, we have

�c1,`(µw)|1�loop = ytNcĈ4,`
3m

2
t

8
p
2⇡2


1

3
+ ln

✓
m

2
t

µ2
w

◆�
. (B.4)

The overall factor of 3 in the latter equation (and in the tree level matching) is absorbed
by renormalizing the lepton mass, giving the result eq. (3.7).

B.2 One-Loop Matching of O5,` to Q2,`

The four fermion operator O5,` generates at one loop the dipole operator Q2,`. The diagram
is represented in Fig. 9 left, where a photon attaches to the quark in the loop. We use
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It can help to that tree-level calcula<ons in the UV model can 
reproduce the full theory two-loop calcula<ons to remarkable 
accuracy.

e.g. 2HDM, SF et al., 2103.10859  

24
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• Leading-log running in SM gauge couplings gives

*In general, sum over lepton flavors . For third-family NP, we take just .α α = 3

[Bobeth, Haisch, 1109.1826; Crivellin et al., 1807.02068; Algueró et al., 1809.08447]

Connection:  and universal b → cτν b → sℓℓ
• Some vector semi-leptonics that explain the charged-current anomalies give 

a flavor universal effect in  via RGE:b → sℓℓ

⟹ → ΔCU
9 = CU

9 − CSM
9

RGE

τLbL

τLsL
⟹

SU(2)L

τLbL

νLcL
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 However, these processes can be suppressed in 
concrete scenarios (e.g., MFV,  …). 

 LHC processes can be useful to probe these 
types of scenarios (with lower values for )! 

⇒
U(2)5

⇒
Λ

This talk: Drell-Yan complementarity to flavor searches

[1910.11775]

• The SMEFT is defined for  and is invariant under : 
 Challenge:  dim-6 operators that conserve  and  — rich flavor structure! 

Λ ≫ vEW SU(3)c × SU(2)L × U(1)Y

⇒ N = 2499 B L

• The best probes of the EFT operators are rare/forbidden processes in the SM: 

Motivation
• Effective Field Theories (EFTs) provide the most general description of New Physics, 

provided there is not enough energy to produce them on-shell ( ): E ≪ Λ

N = 2499 dim-6 operators that conserve B and L — rich flavor structure! 

• The best probes of the SMEFT operators are rare/forbidden processes in the SM 
(One has to be careful these processes can be suppressed in concrete scenarios) 

• LHC processes can be useful to probe these types of scenarios (with lower values for Λ)!

High-pT searches (CMS and ATLAS) can probe the same four-fermion operators constrained by 
flavor-physics experiments (NA62, KOTO, BES-III, LHCb, Belle-II...). 



Too many operators! 

The SM gauge-kine<c sector is invariant under a global flavour symmetry 

This works for the physics of the third genera<ons.

How about charm quark? Above assumption means that the first and second generations 
are subjects of the U(2) symmetry. However, 

mc/mu~103

For the “charm”  considerations one needs different framework than U(2) symmetry.  



Correla<ng NP effects in D and K

SMEFT useful tool for the search of NP
- Need extra assump<ons U(2)3 symmetry
- Or Model of NP on high scale 

U(2) flavor symmetry is not always applicable – only when the third genera<on is considered.

However, having only two genera<ons one can correlate NP in K and D

Combining K0- !K0 Mixing andD0- !D0 Mixing to Constrain the Flavor Structure of New Physics

Kfir Blum,1,* Yuval Grossman,2,† Yosef Nir,1,‡ and Gilad Perez1,x

1Department of Particle Physics, Weizmann Institute of Science, Rehovot 76100, Israel
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New physics at high energy scale often contributes to K0- !K0 and D0- !D0 mixings in an approximately

SUð2ÞL invariant way. In such a case, the combination of measurements in these two systems is parti-

cularly powerful. The resulting constraints can be expressed in terms of misalignments and flavor

splittings.

DOI: 10.1103/PhysRevLett.102.211802 PACS numbers: 12.60.#i, 14.40.Aq, 14.40.Lb

Introduction.—Measurements of flavor-changing neu-
tral current processes put strong constraints on new physics
at the TeV scale and provide a crucial guide for model
building. In particular, measurements of the mass splitting
and CP violation in the neutral K system [1],

"mK=mK ¼ ð7:01% 0:01Þ & 10#15;

!K ¼ ð2:23% 0:01Þ & 10#3;
(1)

require a highly nongeneric flavor structure to any such
theory. Recently, huge progress has been made in measure-
ments of the mass splitting and in the search for CP
violation in the neutral D system [2]:

"mD=mD ¼ ð8:6% 2:1Þ & 10#15;

A# ¼ ð1:2% 2:5Þ & 10#3:
(2)

These measurements are particularly useful in constraining
models where the main flavor-changing effects occur in the
up sector [3].

By ‘‘nongeneric flavor structure’’ we mean either align-
ment or degeneracies or both. Each of the set of constraints
(1) and (2) can be satisfied by aligning the new physics
contributions with specific directions in flavor space.
However, contributions that involve only quark doublets
cannot be simultaneously aligned in both the down and the
up sectors. Thus, the combination of the measurements
related to K0- !K0 mixing (1) and toD0- !D0 mixing (2) leads
to powerful bounds on new physics degeneracies.

In this work, we develop the formalism that is necessary
to obtain these bounds, explain the qualitative implications
and derive the actual quantitative constraints from the
present experimental bounds.

Theoretical and experimental background.—The effects
of new physics at a high scale $NP ' mW on low energy
phenomena can be expressed in terms of an effective
Hamiltonian, composed of standard model (SM) fields
and obeying the SM symmetries. In particular, four-quark
operators contribute to"S ¼ 2 and"C ¼ 2 processes. We
are interested in the operators that involve only quark
doublets:

1

$2
NP

½zK1 ð !dL"#sLÞð !dL"#sLÞ þ zD1 ð !uL"#cLÞð !uL"#cLÞ*:

(3)

We constrain new physics by requiring that contributions
of the form (3) do not exceed the experimental value of
"mK and the one-sigma upper bounds on "mD and on CP
violation in D0- !D0 mixing. As concerns !K, since the SM
contribution has only little uncertainties and should be
taken into account, we require that the new physics is
smaller than 0.6 times the experimental bound [4]. We
update the calculations of Ref. [5] (the details are presented
in [3]) and obtain the following upper bounds on jzK1 j and
jzD1 j:

jzK1 j + zKexp ¼ 8:8& 10#7

!
$NP

1 TeV

"
2
;

jzD1 j + zDexp ¼ 5:9& 10#7

!
$NP

1 TeV

"
2
;

(4)

and on ImðzK1 Þ and ImðzD1 Þ:

ImðzK1 Þ + zIKexp ¼ 3:3& 10#9

!
$NP

1 TeV

"
2
;

ImðzD1 Þ + zIDexp ¼ 1:0& 10#7

!
$NP

1 TeV

"
2
:

(5)

When effects of SUð2ÞL breaking are small, the terms
that lead to zK1 and zD1 have the form

1

$2
NP

ð !QLiðXQÞij"#QLjÞð !QLiðXQÞij"#QLjÞ; (6)

where XQ is an Hermitian matrix. The matrix XQ provides
a source of flavor violation beyond the Yukawa matrices of
the SM, Yd and Yu:

!QLiðYdÞijdj$d þ !QLiðYuÞijuj$u: (7)

Here $d;u are Higgs doublets of opposite hypercharges.

(Within the SM, $u ¼ %2$
y
d .) Without loss of generality,

we can choose to work in a basis where,
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up sectors. Thus, the combination of the measurements
related to K0- !K0 mixing (1) and toD0- !D0 mixing (2) leads
to powerful bounds on new physics degeneracies.

In this work, we develop the formalism that is necessary
to obtain these bounds, explain the qualitative implications
and derive the actual quantitative constraints from the
present experimental bounds.

Theoretical and experimental background.—The effects
of new physics at a high scale $NP ' mW on low energy
phenomena can be expressed in terms of an effective
Hamiltonian, composed of standard model (SM) fields
and obeying the SM symmetries. In particular, four-quark
operators contribute to"S ¼ 2 and"C ¼ 2 processes. We
are interested in the operators that involve only quark
doublets:

1

$2
NP

½zK1 ð !dL"#sLÞð !dL"#sLÞ þ zD1 ð !uL"#cLÞð !uL"#cLÞ*:

(3)

We constrain new physics by requiring that contributions
of the form (3) do not exceed the experimental value of
"mK and the one-sigma upper bounds on "mD and on CP
violation in D0- !D0 mixing. As concerns !K, since the SM
contribution has only little uncertainties and should be
taken into account, we require that the new physics is
smaller than 0.6 times the experimental bound [4]. We
update the calculations of Ref. [5] (the details are presented
in [3]) and obtain the following upper bounds on jzK1 j and
jzD1 j:

jzK1 j + zKexp ¼ 8:8& 10#7

!
$NP

1 TeV

"
2
;

jzD1 j + zDexp ¼ 5:9& 10#7

!
$NP

1 TeV

"
2
;

(4)

and on ImðzK1 Þ and ImðzD1 Þ:

ImðzK1 Þ + zIKexp ¼ 3:3& 10#9

!
$NP

1 TeV

"
2
;

ImðzD1 Þ + zIDexp ¼ 1:0& 10#7

!
$NP

1 TeV

"
2
:

(5)

When effects of SUð2ÞL breaking are small, the terms
that lead to zK1 and zD1 have the form

1

$2
NP

ð !QLiðXQÞij"#QLjÞð !QLiðXQÞij"#QLjÞ; (6)

where XQ is an Hermitian matrix. The matrix XQ provides
a source of flavor violation beyond the Yukawa matrices of
the SM, Yd and Yu:

!QLiðYdÞijdj$d þ !QLiðYuÞijuj$u: (7)

Here $d;u are Higgs doublets of opposite hypercharges.

(Within the SM, $u ¼ %2$
y
d .) Without loss of generality,

we can choose to work in a basis where,
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Introduction.—Measurements of flavor-changing neu-
tral current processes put strong constraints on new physics
at the TeV scale and provide a crucial guide for model
building. In particular, measurements of the mass splitting
and CP violation in the neutral K system [1],

"mK=mK ¼ ð7:01% 0:01Þ & 10#15;

!K ¼ ð2:23% 0:01Þ & 10#3;
(1)

require a highly nongeneric flavor structure to any such
theory. Recently, huge progress has been made in measure-
ments of the mass splitting and in the search for CP
violation in the neutral D system [2]:

"mD=mD ¼ ð8:6% 2:1Þ & 10#15;

A# ¼ ð1:2% 2:5Þ & 10#3:
(2)

These measurements are particularly useful in constraining
models where the main flavor-changing effects occur in the
up sector [3].

By ‘‘nongeneric flavor structure’’ we mean either align-
ment or degeneracies or both. Each of the set of constraints
(1) and (2) can be satisfied by aligning the new physics
contributions with specific directions in flavor space.
However, contributions that involve only quark doublets
cannot be simultaneously aligned in both the down and the
up sectors. Thus, the combination of the measurements
related to K0- !K0 mixing (1) and toD0- !D0 mixing (2) leads
to powerful bounds on new physics degeneracies.

In this work, we develop the formalism that is necessary
to obtain these bounds, explain the qualitative implications
and derive the actual quantitative constraints from the
present experimental bounds.

Theoretical and experimental background.—The effects
of new physics at a high scale $NP ' mW on low energy
phenomena can be expressed in terms of an effective
Hamiltonian, composed of standard model (SM) fields
and obeying the SM symmetries. In particular, four-quark
operators contribute to"S ¼ 2 and"C ¼ 2 processes. We
are interested in the operators that involve only quark
doublets:

1

$2
NP

½zK1 ð !dL"#sLÞð !dL"#sLÞ þ zD1 ð !uL"#cLÞð !uL"#cLÞ*:

(3)

We constrain new physics by requiring that contributions
of the form (3) do not exceed the experimental value of
"mK and the one-sigma upper bounds on "mD and on CP
violation in D0- !D0 mixing. As concerns !K, since the SM
contribution has only little uncertainties and should be
taken into account, we require that the new physics is
smaller than 0.6 times the experimental bound [4]. We
update the calculations of Ref. [5] (the details are presented
in [3]) and obtain the following upper bounds on jzK1 j and
jzD1 j:

jzK1 j + zKexp ¼ 8:8& 10#7

!
$NP

1 TeV

"
2
;

jzD1 j + zDexp ¼ 5:9& 10#7

!
$NP

1 TeV

"
2
;

(4)

and on ImðzK1 Þ and ImðzD1 Þ:

ImðzK1 Þ + zIKexp ¼ 3:3& 10#9

!
$NP

1 TeV

"
2
;

ImðzD1 Þ + zIDexp ¼ 1:0& 10#7

!
$NP

1 TeV

"
2
:

(5)

When effects of SUð2ÞL breaking are small, the terms
that lead to zK1 and zD1 have the form

1

$2
NP

ð !QLiðXQÞij"#QLjÞð !QLiðXQÞij"#QLjÞ; (6)

where XQ is an Hermitian matrix. The matrix XQ provides
a source of flavor violation beyond the Yukawa matrices of
the SM, Yd and Yu:

!QLiðYdÞijdj$d þ !QLiðYuÞijuj$u: (7)

Here $d;u are Higgs doublets of opposite hypercharges.

(Within the SM, $u ¼ %2$
y
d .) Without loss of generality,

we can choose to work in a basis where,
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Introduction.—Measurements of flavor-changing neu-
tral current processes put strong constraints on new physics
at the TeV scale and provide a crucial guide for model
building. In particular, measurements of the mass splitting
and CP violation in the neutral K system [1],

"mK=mK ¼ ð7:01% 0:01Þ & 10#15;

!K ¼ ð2:23% 0:01Þ & 10#3;
(1)

require a highly nongeneric flavor structure to any such
theory. Recently, huge progress has been made in measure-
ments of the mass splitting and in the search for CP
violation in the neutral D system [2]:

"mD=mD ¼ ð8:6% 2:1Þ & 10#15;

A# ¼ ð1:2% 2:5Þ & 10#3:
(2)

These measurements are particularly useful in constraining
models where the main flavor-changing effects occur in the
up sector [3].

By ‘‘nongeneric flavor structure’’ we mean either align-
ment or degeneracies or both. Each of the set of constraints
(1) and (2) can be satisfied by aligning the new physics
contributions with specific directions in flavor space.
However, contributions that involve only quark doublets
cannot be simultaneously aligned in both the down and the
up sectors. Thus, the combination of the measurements
related to K0- !K0 mixing (1) and toD0- !D0 mixing (2) leads
to powerful bounds on new physics degeneracies.

In this work, we develop the formalism that is necessary
to obtain these bounds, explain the qualitative implications
and derive the actual quantitative constraints from the
present experimental bounds.

Theoretical and experimental background.—The effects
of new physics at a high scale $NP ' mW on low energy
phenomena can be expressed in terms of an effective
Hamiltonian, composed of standard model (SM) fields
and obeying the SM symmetries. In particular, four-quark
operators contribute to"S ¼ 2 and"C ¼ 2 processes. We
are interested in the operators that involve only quark
doublets:

1

$2
NP

½zK1 ð !dL"#sLÞð !dL"#sLÞ þ zD1 ð !uL"#cLÞð !uL"#cLÞ*:

(3)

We constrain new physics by requiring that contributions
of the form (3) do not exceed the experimental value of
"mK and the one-sigma upper bounds on "mD and on CP
violation in D0- !D0 mixing. As concerns !K, since the SM
contribution has only little uncertainties and should be
taken into account, we require that the new physics is
smaller than 0.6 times the experimental bound [4]. We
update the calculations of Ref. [5] (the details are presented
in [3]) and obtain the following upper bounds on jzK1 j and
jzD1 j:

jzK1 j + zKexp ¼ 8:8& 10#7

!
$NP

1 TeV

"
2
;

jzD1 j + zDexp ¼ 5:9& 10#7

!
$NP

1 TeV

"
2
;

(4)

and on ImðzK1 Þ and ImðzD1 Þ:

ImðzK1 Þ + zIKexp ¼ 3:3& 10#9

!
$NP

1 TeV

"
2
;

ImðzD1 Þ + zIDexp ¼ 1:0& 10#7

!
$NP

1 TeV

"
2
:

(5)

When effects of SUð2ÞL breaking are small, the terms
that lead to zK1 and zD1 have the form

1

$2
NP

ð !QLiðXQÞij"#QLjÞð !QLiðXQÞij"#QLjÞ; (6)

where XQ is an Hermitian matrix. The matrix XQ provides
a source of flavor violation beyond the Yukawa matrices of
the SM, Yd and Yu:

!QLiðYdÞijdj$d þ !QLiðYuÞijuj$u: (7)

Here $d;u are Higgs doublets of opposite hypercharges.

(Within the SM, $u ¼ %2$
y
d .) Without loss of generality,

we can choose to work in a basis where,
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Introduction.—Measurements of flavor-changing neu-
tral current processes put strong constraints on new physics
at the TeV scale and provide a crucial guide for model
building. In particular, measurements of the mass splitting
and CP violation in the neutral K system [1],

"mK=mK ¼ ð7:01% 0:01Þ & 10#15;

!K ¼ ð2:23% 0:01Þ & 10#3;
(1)

require a highly nongeneric flavor structure to any such
theory. Recently, huge progress has been made in measure-
ments of the mass splitting and in the search for CP
violation in the neutral D system [2]:

"mD=mD ¼ ð8:6% 2:1Þ & 10#15;

A# ¼ ð1:2% 2:5Þ & 10#3:
(2)

These measurements are particularly useful in constraining
models where the main flavor-changing effects occur in the
up sector [3].

By ‘‘nongeneric flavor structure’’ we mean either align-
ment or degeneracies or both. Each of the set of constraints
(1) and (2) can be satisfied by aligning the new physics
contributions with specific directions in flavor space.
However, contributions that involve only quark doublets
cannot be simultaneously aligned in both the down and the
up sectors. Thus, the combination of the measurements
related to K0- !K0 mixing (1) and toD0- !D0 mixing (2) leads
to powerful bounds on new physics degeneracies.

In this work, we develop the formalism that is necessary
to obtain these bounds, explain the qualitative implications
and derive the actual quantitative constraints from the
present experimental bounds.

Theoretical and experimental background.—The effects
of new physics at a high scale $NP ' mW on low energy
phenomena can be expressed in terms of an effective
Hamiltonian, composed of standard model (SM) fields
and obeying the SM symmetries. In particular, four-quark
operators contribute to"S ¼ 2 and"C ¼ 2 processes. We
are interested in the operators that involve only quark
doublets:

1

$2
NP

½zK1 ð !dL"#sLÞð !dL"#sLÞ þ zD1 ð !uL"#cLÞð !uL"#cLÞ*:

(3)

We constrain new physics by requiring that contributions
of the form (3) do not exceed the experimental value of
"mK and the one-sigma upper bounds on "mD and on CP
violation in D0- !D0 mixing. As concerns !K, since the SM
contribution has only little uncertainties and should be
taken into account, we require that the new physics is
smaller than 0.6 times the experimental bound [4]. We
update the calculations of Ref. [5] (the details are presented
in [3]) and obtain the following upper bounds on jzK1 j and
jzD1 j:

jzK1 j + zKexp ¼ 8:8& 10#7

!
$NP

1 TeV

"
2
;

jzD1 j + zDexp ¼ 5:9& 10#7

!
$NP

1 TeV

"
2
;

(4)

and on ImðzK1 Þ and ImðzD1 Þ:

ImðzK1 Þ + zIKexp ¼ 3:3& 10#9

!
$NP

1 TeV

"
2
;

ImðzD1 Þ + zIDexp ¼ 1:0& 10#7

!
$NP

1 TeV

"
2
:

(5)

When effects of SUð2ÞL breaking are small, the terms
that lead to zK1 and zD1 have the form

1

$2
NP

ð !QLiðXQÞij"#QLjÞð !QLiðXQÞij"#QLjÞ; (6)

where XQ is an Hermitian matrix. The matrix XQ provides
a source of flavor violation beyond the Yukawa matrices of
the SM, Yd and Yu:

!QLiðYdÞijdj$d þ !QLiðYuÞijuj$u: (7)

Here $d;u are Higgs doublets of opposite hypercharges.

(Within the SM, $u ¼ %2$
y
d .) Without loss of generality,

we can choose to work in a basis where,
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The above results  can be derived by assuming 

K- mixing and D- mixing depend on the same ΛNP two angles but differ 
in their alignment factors  in such a way that depends on the Cabibbo angle. 
Thus, the combination of these measurements constrains, for TeV-scale new physics, 

Yd ¼ !d; Yu ¼ Vy!u; XQ ¼ Vy
d!QVd; (8)

where !d;u;Q are diagonal real matrices, V is the CKM
matrix, and Vd is a unitary matrix which parameterizes the
misalignment of the operator (6) with the down mass basis.
If we minimize the number of phases in V (namely V
depends on three mixing angles and a single phase), then
Vd depends on six parameters: three real mixing angles and
three phases.

Alternatively, we can choose to work in a basis where

Yd ¼ V!d; Yu ¼ !u; XQ ¼ Vy
u!QVu: (9)

Here Vu is a unitary matrix which parameterizes the mis-
alignment of the operator (6) with the up mass basis: Vu ¼
VdV

y.
The XQ-related contributions to the operators (3) have

the form

zK1 ¼ ðzd12Þ2 $ ½ðVy
d!QVdÞ12&2;

zD1 ¼ ðzu12Þ2 $ ½ðVy
u!QVuÞ12&2:

(10)

Two generations, no CP violation.—The experimental
constraints that are most relevant to our study are related to
K0- !K0 and D0- !D0 mixing, which involve only the first two
generation quarks. When studying new physics effects,
ignoring the third generation is often a good approximation
to the physics at hand. Indeed, even when the third gen-
eration does play a role, our two generation analysis is
applicable as long as there are no strong cancellations with
contributions related to the third generation.

In a two generation framework, V depends on a single
mixing angle (the Cabibbo angle "c), while Vd depends on
a single angle and a single phase. To understand various
aspects of our analysis, it is useful, however, to provision-
ally set the phase to zero, and study only CP conserving
(CPC) observables. We thus have

!Q ¼ diagð!1;!2Þ; V ¼ cos"c sin"c
' sin"c cos"c

! "
;

Vd ¼ cos"d sin"d
' sin"d cos"d

! "
:

(11)

It is convenient to define

!12 ¼
1

2
ð!1 þ!2Þ; #12 ¼

!1 '!2

!1 þ!2
; "12 ¼ #12!12:

(12)

Here !12 parameterizes the overall, flavor-diagonal sup-
pression of XQ (in particular, loop factors), while #12

parameterizes suppression that is coming from approxi-
mate degeneracy between the eigenvalues of XQ. Our
analysis will yield upper bounds on "12, but with reason-
able assumptions about !12 they can be translated into
upper bounds on the flavor-degeneracy factor #12.

It is straightforward to solve for zK1 and zD1 :

zK1 ¼ "2
12sin

22"d; zD1 ¼ "2
12sin

22ð"d ' "cÞ: (13)

We learn that the new physics contribution to #mK can be
set to zero by alignment in the down sector, "d ¼ 0, while
the contribution to #mD can be set to zero by alignment in
the up sector, "d ¼ "c. However, one cannot set the con-
tributions to both #mK and #mD to zero by any choice of
"d. Thus, the combination of #mK and #mD provides an
unavoidable bound on "12. Defining

rKD $
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
zKexp=z

D
exp

q
; (14)

the weakest bound on "12 corresponds to

tan2"d ¼
rKD sin2"c

1þ rKD cos2"c
; (15)

and is given by

"2
12 )

zKexp þ zDexp þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
zKexpz

D
exp

q
cos2"c

sin22"c
: (16)

Using Eq. (4), we obtain that the weakest bound occurs at
sin2"d * 0:25, and is given by

"12 ) 3:8+ 10'3

!
"NP

1 TeV

"
: (17)

We learn that for "NP ) 1 TeV, the flavor-diagonal and
flavor-degeneracy factors should provide a suppression at
least as strong as Oð0:004Þ. To appreciate the significance
of this result, the reader should bear in mind that each of
the #mK and #mD bounds can be satisfied with appropri-
ate alignment and neither flavor-diagonal suppression nor
flavor degeneracy. For tree level contributions with cou-
plings of order one (!12 , 1), the flavor degeneracy should
be stronger than 0.004. For loop suppression, say !12 , $2,
the degeneracy should be stronger than 0.1.
Two generations, CP violation.—To incorporate CP

violation (CPV), one has to employ an appropriate formal-
ism. We use the fact that the matrices zd and zu defined in
Eq. (10) are Hermitian. We use properties of Hermitian
matrices to parametrize zd as follows:

zd ¼ Vy
d!QVd ¼ !12ð1þ #12V

y
d%3VdÞ

$ !12ð1þ #12v̂ - ~%Þ; (18)

where %i are the Pauli matrices, the v̂i are real with jv̂j ¼
1. The matrix zu is related to zd by a unitary transformation
involving the Cabibbo matrix. It follows that it can be
written as

zu ¼ !12ð1þ #12v̂
0 - ~%Þ; (19)

where
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v̂ 0 ¼
cos2!c 0 " sin2!c

0 1 0
sin2!c 0 cos2!c

0
@

1
Av̂: (20)

Our formalism is motivated by the fact that it puts all CPV
in v̂2. The v̂2 parameter is the projection of XQ onto the
direction perpendicular to the 1-3 plane where, without
loss of generality, YdY

y
d and YuY

y
u reside. This can be

clearly seen from the expression for the Jarlskog invariant
for our framework:

J ¼ TrfXQ½YdY
y
d ; YuY

y
u $g

¼ iðy2s " y2dÞðy2c " y2uÞ!12 sin2!cv̂2: (21)

Using this parametrization, we obtain

zK1 ¼ !2
12ðv̂1 " iv̂2Þ2; (22)

zD1 ¼ !2
12ðcos2!cv̂1 " sin2!cv̂3 " iv̂2Þ2: (23)

Note that, among the three v̂i, there are only two indepen-
dent parameters. We thus study the constraints as a func-
tion of

sin" ' v̂2 ( ½0; 1$; sin# ' v̂1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v̂2
1 þ v̂2

3

q ( ½"1; 1$:

(24)

In terms of # and ", we obtain

jzK1 j ¼ !2
12½cos2"sin2#þ sin2"$;

jzD1 j ¼ !2
12½cos2"sin2ð#" 2!cÞ þ sin2"$;

ImðzK1 Þ ¼ "!2
12 sin# sin2";

ImðzD1 Þ ¼ "!2
12 sinð#" 2!cÞ sin2":

(25)

As a first check of our results, note that when we take
" ¼ 0, we reproduce Eq. (13). (The identification of #
with 2!d is correct only in the CPC case.) The bound (17)
remains the weakest bound on the flavor degeneracy. In the
presence of a CPV phase in Vd, the bound becomes
stronger. The weakest !12-bound as a function of sin" is
presented in Fig. 1.

At 0:034 & j sin"j & 0:98, the constraints from the CPV
observables are dominant, and the combination of zIKexp and
zIDexp is responsible for the unavoidable bound on !12.
Defining

rIKD ' zIKexp=z
ID
exp; (26)

the weakest bound on !12 corresponds to

tan# ¼ rIKD sin2!c
1þ rIKD cos2!c

; (27)

and is given by

!2
12 *

zIDexp
sin2!c sin2"

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ rI2KD þ 2rIKD cos2!c

q
: (28)

Using Eq. (5), we find that the weakest bound occurs at
sin# + 0:014 and is given by

!12 *
4:8, 10"4

ffiffiffiffiffiffiffiffiffiffiffiffi
sin2"

p
"
!NP

1 TeV

#
: (29)

Equation (29) explains the sin" dependence of the curve in
Fig. 1 in the relevant range.
Comparison with Eq. (17) reveals the power of the upper

bound on CPV in D0- "D0 mixing in constraining the flavor
structure of new physics. For maximal phases ( sin2" ¼ 1),
it implies degeneracy stronger by a factor of 8 compared to
the bound from CPC observables. For !NP * 1 TeV and
large phases, the flavor-diagonal and flavor-degeneracy
factors should provide a suppression stronger than
Oð10"3Þ. With loop suppression of order $12 - #2, the
degeneracy should be stronger than 0.02. We note that
our numerical bounds would become weaker if there are
accidental cancellations with third generation or other
operator effects.
Supersymmetry.—An explicit example of the constraints

on new physics parameters obtained by combining mea-
surements of K0- "K0 mixing and of D0- "D0 mixing is pro-
vided by supersymmetry. Any supersymmetric model
generates the operator (6) via box diagrams with inter-
mediate gluinos and squark doublets. The various factors
that enter zK1 and zD1 can be identified as follows:

!NP ¼ ~mQ ' ðm ~Q1
þm ~Q2

Þ=2; $2
12 ¼

#2
s

54
gðm2

~g= ~m
2
QÞ;

%12 ¼ ðm ~Q2
"m ~Q1

Þ=ðm ~Q1
þm ~Q2

Þ; (30)

where m ~Qi
is the squark-doublet mass, m~g is the gluino

mass, and gðm2
~g= ~m

2
QÞ is a known function (see, e.g., [6])

with, for example gð1Þ ¼ 1. Taking ~mQ * 1 TeV, and
m~g + ~mQ (which gives $12 + 0:014), leads to

m ~Q2
"m ~Q1

m ~Q2
þm ~Q1

*
$
0:034 maximal phases
0:27 vanishing phases

: (31)

We conclude that if squarks and gluinos are lighter than
TeV, then the first two squark doublets should be degener-
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v̂ 0 ¼
cos2!c 0 " sin2!c

0 1 0
sin2!c 0 cos2!c

0
@

1
Av̂: (20)

Our formalism is motivated by the fact that it puts all CPV
in v̂2. The v̂2 parameter is the projection of XQ onto the
direction perpendicular to the 1-3 plane where, without
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y
d and YuY
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d ; YuY
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3
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discussion of the relevant observables connecting and constraining the semileptonic �C = 1 and �S = 1 FCNC
processes s ! d⌫⌫̄ and c ! u`

+
`
�, and s ! d`

+
`
� and c ! u⌫⌫̄, respectively. We explain the interplay between

the two sectors in high-pT collider experiments in Sec. VI and discuss the additional correlations introduced by the
inclusion of CC processes in Sec. VII. Sec. VIII contains our main results and projections, while we present our
conclusions and prospects for future experiments in Sec. IX.

II. FRAMEWORK

We are interested in BSM e↵ects in semileptonic transitions involving exclusively left-handed quarks of first two
generations. Working within the SM e↵ective field theory (SMEFT) [31] valid below a heavy new physics (NP)
threshold scale ⇤, we thus supplement the SM Lagrangian by local semileptonic e↵ective operators with left-chiral
quarks1

LSMEFT �
X

(3,`)
ij

⇤2
(Q̄i�µ�

a
Qj)(L̄`�

µ
�aL`) +

X
(1,`)
ij

⇤2
(Q̄i�µQj)(L̄`�

µ
L`) . (1)

Here Qi is the i-th generation left-handed quark doublet, which we write in the down-quark mass basis as Qi =
(u0

Li, dLi)T . The up-quark fields in this basis are related to their mass eigenstates via the CKM matrix V as u0
i = V

⇤
jiuj .

For leptons we choose the charged lepton mass basis: Li = (U⇤
ji⌫Lj , `Li)T , where U is the PMNS matrix. Pauli matrices

�
a, a = 1, 2, 3, act in the SU(2)L space. We assume in Eq. (1) that lepton flavour is conserved, whereas the BSM

quark flavour conversion is parametrized by Hermitian matrices X
(1,`)

, X
(3,`). The resulting Lagrangian containing

FCNCs reads

LFCNC =
1

⇤2
X

(+)
ij

⇥
(ū0

i�
µ
PLu

0
j)(⌫̄�µPL⌫) + (d̄i�

µ
PLdj)(¯̀�µPL`)

⇤

+
1

⇤2
X

(�)
ij

⇥
(ū0

i�
µ
PLu

0
j)(¯̀�µPL`) + (d̄i�

µ
PLdj)(⌫̄�µPL⌫)

⇤
,

(2)

where PR,L = (1± �5)/2. Above, we have introduced the matrices X(±) = X
(1)

±X
(3) and suppressed explicit lepton

flavour index for clarity. On the other hand, the charged currents stemming from Eq. (1) are only due to the X
(3)

LCC =
1

⇤2
2X(3)

ij (ū0
i�

µ
PLdj)(¯̀�µPL⌫) + h.c. . (3)

Next we focus exclusively on the first two generations and use the fact that any two-dimensional hermitian matrix
can be decomposed in terms of the identity and Pauli matrices. Note that in isolating the first two generations in the
following we are neglecting possible additional BSM e↵ects due to mixing with the third quark generation. However,
the resulting modifications of our results are in general severely suppressed due the hierarchical structure of the SM
quark Yukawas. See Ref. [24] for in depth discussion on this point. We can write

X
(±)
ij = �

(±)
�ij + c

(±)
a (�a)ij , (4)

where � and ca are real. It is only the traceless part (ca) that plays a role in FCNC processes. In contrast, �’s
contribute to flavour-diagonal neutral currents as well as to charged current processes via X

(3):

2X(3)
ij = (�(+)

� �
(�))�ij + (c(+)

a � c
(�)
a )(�a)ij . (5)

Notice that a unique parameter, c(±)
2 , encodes CP violation, while the remaining three couplings are real. The traceless

part of the coupling matrix o↵ers an intuitive geometrical interpretation [27] since it spans a 3-dimensional space.
Each traceless hermitian matrix A is equivalent to a real 3-dimensional vector a via the mapping A = a · �. Scalar
and cross product between vectors a, b (corresponding to matrices A = a · �, B = b · �) are defined via matrix
operations as

a · b ⌘
1

2
Tr[AB], a⇥ b ⌘

�i

2
[A,B], (6)

1 Additional SMEFT operators modifying W and Z couplings can also contribute, however they are constrained by precision measurements
of on-shell massive weak vector bosons at LEP [32–34].
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where the SMEFT NP e↵ects are imprinted upon the following set of dimension-6 operators:

O
�C=1
9,` = (ū�µPLc)(¯̀�

µ
`) , O

�C=1
L,⌫`

= (ū�µPLc)(⌫̄`�µPL⌫`) , (20)

O
�C=1
10,` = (ū�µPLc)(¯̀�

µ
�5`) . (21)

For �S = 1 transitions, we conversely employ

H
�S=1
e↵ = �

4GF
p
2

↵em

4⇡

⇣ X

i=9,10

C
�S=1
i,` O

�S=1
i,` + C

�S=1
L,` O

�S=1
L,⌫`

⌘
+ h.c. . (22)

The operators for the down-quark sector have the same structure as those for the up-quark sector; they di↵er in a
simple replacements of u ! d and c ! s. Here, ` = e, µ or ⌧ . We will separate the contribution of SM and NP to the
Wilson coe�cients:

Ci = C
SM
i + C

NP
i . (23)

The left-handed SMEFT operator structure that we consider in Eq. (2) results in the relation C
NP
9 = �C

NP
10 for

charged-lepton operators. After matching X
(�) SMEFT coe�cients onto the WET Wilson coe�cients, we find

s ! d⌫⌫̄ : C
�S=1,NP
L,⌫ =

2⇡

↵em

v
2

⇤2

⇢
c
(�)
R sin ✓(�)

d � ic
(�)
I

�
, (24)

c ! u`
+
`
� : C

�C=1,NP
9 = �C

�C=1,NP
10 =

⇡

↵em

v
2

⇤2

⇢
c
(�)
R sin(✓(�)

d � 2✓c)� ic
(�)
I

�
, (25)

whereas the low-energy coe�cients from X
(+) are

s ! d`
+
`
� : C

�S=1,NP
9 = �C

�S=1,NP
10 =

⇡

↵em

v
2

⇤2

⇢
c
(+)
R sin ✓(+)

d � ic
(+)
I

�
, (26)

c ! u⌫⌫̄ : C
�C=1,NP
L,⌫ =

2⇡

↵em

v
2

⇤2

⇢
c
(+)
R sin(✓(+)

d � 2✓c)� ic
(+)
I

�
. (27)

The presented Wilson coe�cients indicate how the CP conserving NP contributions to charm and kaon physics are
related via the Cabibbo rotation and its interplay with the alignment angle. In the remainder of the paper we study

current constraints on X
(+) and X

(�), as parameterised by c
(±)
R , ✓(±)

d and c
(±)
I . The presence of c(±)

I without any ✓d

dependence implies the flavor universal character of the CPV parameters.
In our numerical studies we set the scale to ⇤ = 1TeV, thus all the presented bounds on cR,I should be understood

as bounds on (TeV/⇤)2cR,I(⇤).2

IV. s ! d⌫⌫̄ AND c ! u`+`�

The elements of theX(�) matrix, parametrised by c
(�)
R , ✓

(�)
d , c

(�)
I enter in the amplitudes for s ! d⌫⌫̄ and c ! u`

+
`
�

processes. The branching ratio forK ! ⇡⌫⌫̄ is rather well determined and probing the SM short-distance contribution.
However, in rare charm meson decays proceeding via c ! u`

+
`
� transition, the sensitivity to short distance SM

contributions is reduced due to e↵ective GIM mechanism. In addition, the larger phase space available in D meson
decays leads to large long-distance contributions due intermediate kaon and pion rescattering e↵ects. The ensuing

bounds on z
(�)
�C=1 are thus comparably not as constraining as the ones on z

(�)
�S=1 from s ! d⌫⌫̄. The optimal alignment

angle ✓
(�)⇤
d is expected to be small. In Table I we list the relevant experimental inputs for X(�).

A. K+ ! ⇡+⌫⌫̄ and KL ! ⇡0⌫⌫̄

The di↵erential branching ratio for K±
! ⇡

±
⌫⌫̄ can be written as

dB

dq2
(K±

! ⇡
±
⌫⌫̄) = (1 +�EM)

G
2
F↵

2
em

3072⇡5m3
K�K±

�
3/2(m2

⇡,m
2
�S=1, q

2) f2
+,K!⇡(q

2)|C�S=1
L,⌫ |

2
, (28)

2 The renormalization group running e↵ects of the left-handed semileptonic operators are negligible [37].
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In the following we omit the cI terms since they do not interfere with the SM and their size is severely constrained by
neutral current processes. By squaring and summing Eqs. (59) we can even eliminate the dependence on the Cabibbo
angle:

�
V

`
us + V

`
cd

�2
+

�
V

`
cd � V

`
cs

�2
=

⇣
v

⇤

⌘4
⇣

c
(+)
R

⌘2
+
⇣
c
(�)
R

⌘2
� 2c(+)

R c
(�)
R cos

⇣
✓
(+)
d � ✓

(�)
d

⌘�
. (60)

For completeness we also state the remaining two combinations
✓
V

`
us � V

`
cd

V
`
ud + V

`
cs

◆
= 2


1 +

v
2

⇤2
�
(`)

�✓
sin ✓c
cos ✓c

◆
. (61)

These relations are free of neutral current parameters (cR, cI , ✓d) and can be inverted to determine the Cabibbo angle
and the trace parameter:
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2
� 4

8
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Experimental information on V
`
ij has to be extracted from lepton specific processes. We will impose as experimental

constraints super-allowed � decay, charged pion, kaon, ⌧ and charm decays. We detail the experimental inputs of
charged-current processes and the extraction procedure in Appendix A.

As for the high-pT constraints, analogous expressions to Eq. (55) hold for charged currents processes (pp ! `⌫)
which bound the parameter space only in the c

(3) = (c(�)
� c

(+))/2 direction (see Fig. 5). Since the neutral current
constraints allow for larger e↵ects in c

(+) than in c
(�) the charged current constraints are relevant only for c(+).

VIII. RESULTS

Our main results in terms of current experimental constraints on the X(±) components are summarized in Eqs. (33)
and (47) for the flavor universal CPV contributions, as well as in Figs. 3 and 4 for the CP conserving e↵ects.

In Fig. 3 we present the combined fit to the most relevant experimental constraints on the (�) operators with
electrons (upper plot), muons (middle plot) and taus (lower plot). We observe that away from the down-quark mass

basis alignment limit (✓(�)
`,d ' 0) the constraints are completely dominated by the NA62 measurement of B(K+

!

⇡
+
⌫⌫̄) (marked with black dashed lines). Thus future planned improvements in this measurement [81] are expected

to have an important e↵ect on all three lepton-specific operators. The nontrivial behavior of the (green shaded) 68%
CL regions of the global fit is also due to the possible interferences between the SM and NP contributions to this
decay. Interestingly, and as first pointed out in Ref. [28], the constraints in the charm sector are currently dominated
by Drell-Yan measurements at the LHC (marked with full black lines), with the exception of muonic operators,
where the current best constraint is given by the LHCb upper bound on B(D0

! µ
+
µ
�) [17] (marked in black

dotted line). In light of this, future improvements in the search for this rare decay by both LHCb and BelleII [82]
are thus highly anticipated (projections shown in blue dotted line). For electron operators current bounds from
high-pT and rare D ! ⇡e

+
e
� measurements are comparable. Future measurements of the later decays by LHCb and

BelleII, especially away from the long-distance resonance peaks in the e+e� invariant mass spectrum, could potentially
improve this bound considerably. Finally, since all low energy decay channels for tauonic operators are closed, any
future improvements in this sector will necessarily rely on precise (HL)LHC measurements of the pp ! ⌧⌧ spectrum.
Currently, the high-pT experiments allow us to set a limit on the CP violating phase for the tau. The weakest derived
bound reads:

��Im[c(+)
⌧,I ]

�� . 0.15 . (63)

In Fig. 4 we present the combined fit to the most relevant experimental constraints on the (+) operators with
electrons (upper plot), muons (middle plot) and taus (lower plot). In this case we observe that away from the down-
quark mass basis alignment limit the constraints in the electron and muon sectors are dominated by KL ! `

+
`
�

decay rate measurements (marked with dashed black lines). Therefore it is important that in the future, a combined
analysis of K0

! `` decays [70] could possibly go beyond the current sensitivity. Again high-pT Drell-Yan production

measurements (marked with black full lines) are most restrictive close to ✓
(+)
`,d ' 0. In the case of tauonic operators,

LHC constraints dominate over the whole ✓
(+)
⌧,d range. Interestingly, the almost flat behavior of these constraints with

✓
(+)
`,d is a result of the non-trivial interplay between flavor changing (s̄d and d̄s) and flavor conserving (d̄d and s̄s) initial
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Charm meson rare decays
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BSM searches with (semi)leptonic charm decays

1. Introduction

In the last decade, several experiments indicated a possible violation of the lepton number
universality in B-meson semileptonic decays. The deviations from the Standard Model (SM)
predictions are explained by the Beyond Standard Model (BSM) contributions. Most general
treatment of BSM relies on e�ective Lagrangians. These e�ective Lagrangian approaches respect
the symmetries of the SM. Most favourable solutions of the BSM is the modification of the SM
V � A currents [1, 2]. As an example of BSM fits, we recall that in the SM flavour changing neutral
current (FCNC) processes b ! sµ+µ�. The left-handed operators (s̄L�↵bL) (µ̄L�↵µL) lead to
to the explanation of the dimension-6 e�ective Hamiltonian (see [1] for the latest update). If we
want to compare the e�ects of such BSM physics in c ! u`+`� one has to account the product
of the CKM matrix elements VubV

⇤
cs ' 0.004. Such a factor leads to the relatively small BSM

e�ects in rare charm decays. Nevertheless, the studies independent of B physics anomalies are
necessary to perform to establish BSM bounds. In Section 2, I introduce e�ective Lagrangians for
c ! u`+`�. Section 3 is devoted to study of NP in D

+
! ⇡+µ+µ�, D ! P1P2µ+µ�, while Section

4 is dedicated to D-meson decays to invisible fermions. Section 5 contains a brief summary and
outlook.

2. The c ! u`+`� and c ! u⌫⌫̄ decays and BSM

The e�ective Hamiltonian [3–5] can explain the SM dynamics in the c ! u`+`� and c ! u⌫⌫̄

decays

Le� =
4GF
p

2
↵e
4⇡
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L Q

i j
L + C
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R Q

i j
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, (1)

where the dimension six operators Ok for di-lepton and Q
i j
L/R

for di-neutrino modes are given as

O7 = mc
e (ūL�µ⌫cR)F

µ⌫ , O
0

7 =
mc
e (ūR�µ⌫cL)F

µ⌫ ,

O9 = (ūL�µcL)(l̄�µ`) , O
0

9 = (ūR�µcR)(l̄�µ`) ,

O10 = (ūL�µcL)(l̄�µ�5`) , O
0

10 = (ūR�µcR)(l̄�µ�5`) ,

Q
i j
L = (ūL�µcL)(⌫̄L j�µ⌫L i) , Q

i j
R = (q̄R�µcR)(⌫̄L j�µ⌫L i) . (2)

As usual F
µ⌫ is the electromagnetic field strength tensor and �µ⌫ = i

2 [�
µ, �⌫]. In the primed

operators O
0

i left-handed quark fields in Oi are replaced by the right-handed quark fields. SM
contributions to the e�ective coe�cients of O7 and O9 are explained in detail in [4–7]. The SM
two-loop virtual corrections depend on the di-lepton invariant mass squared, q

2, as given in [3, 8].
The authors of [3, 4, 7, 8] found that SM contributions in c ! u`+`� are of the order of few permille
for |Ce�

7 | and few percent for |Ce�
9 | above q

2 > 0.1 GeV2. Due to the GIM-mechanism C
SM
10 = 0.

Contributions of primed operators are significantly suppressed, allowing us to neglect them.

3. BSM in D
+
! ⇡+µ+µ�, D ! P1P2µ+µ�

Experiments are able to reach only the upper bound on the branching ratio B(D
0
! µ+µ�) <

6.2(7.6) ⇥ 10�9 [9]. Luckily, the LHCb collaboration found limits on the branching fractions

2
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LU ratios

LU can be probed in c æ u ¸+¸≠ (same as B decays)

R
D

P
=

⁄ q
2
max

q2
min

dB(D æ Pµ+µ≠)
dq2 dq

2

⁄ q
2
max

q2
min

dB(D æ Pe
+

e
≠)

dq2 dq
2

Same kinematical limits æ Cancellation of had. uncertainties!

Well control of SM prediction: R
D

P
|SM ¥ 1

e.g. D
+

æ fi+ ¸+¸≠ 1909.11108, see 1805.08516 (D æ P1P2 ¸+¸≠)
full q

2: insensitive to NP.
low q

2: poor knowledge of resonances æ sizable uncertainties.
high q

2: induce significant NP e�ects.
SM |C9| = 0.5 |C10| = 0.5 |C9| = ±|C10| = 0.5 |CS (P)| = 0.1 |CT | = 0.5 |CT5| = 0.5

full q
2 1.00 ± O(10≠2) SM-like SM-like SM-like SM-like SM-like SM-like

low q
2 0.95 ± O(10≠2) O(100) O(100) O(100) 0.9 . . . 1.4 O(10) 1.0 . . . 5.9

high q
2 1.00 ± O(10≠2) 0.2 . . . 11 3 . . . 7 2 . . . 17 1 . . . 2 1 . . . 5 2 . . . 4

H. Gisbert (U. Padova & INFN) Rare charm decays 9 / 20

- Branching ra<os are insensi<ve to NP. 
- Low q2 a lot of resonances → sizable uncertain<es.
- High q2 might include NP  
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Figure 3. Branching fraction for D+ ! ⇡+��̄ and D0 !
⇡0��̄ as a function of m�.

The integration bounds should be 4m2
�  q

2
 (mD �

m⇡)2 in the case of m� = 0.5, 0.8, while instead of
m� = 0.18 GeV, q

2
cut is used from Ref. [27], giving

the lowest mass of the invisibles should be searched
in the region m� �

p
q
2
cut/4 ' 0.29 GeV. This en-

ables us to avoid the region in which the e↵ects of
the long distance dynamics dominates. One can use

m� (GeV) B(D0 ! ⇡0��̄)D�D̄ B(D+ ! ⇡+��̄)D�D̄

0.18 < 5.9⇥ 10�9 < 3.0⇥ 10�8

0.50 < 3.2⇥ 10�9 < 1.6⇥ 10�8

0.80 < 1.5⇥ 10�10 < 7.6⇥ 10�10

Table IV. Branching ratios for B(D ! ⇡��̄). In the second
and the third columns the constraint from the D0�D̄0 mixing
is used, assuming the mass of MS̄1

= 1000 GeV. In the case
m� = 0.18, the cut in integration variable is done by taking
q2cut, as described in the text.

the Belle bound [8] for B(D ! /E) and determine c
RR

from D
0
! ��̄ for each � mass. We obtain B(D0

!

⇡
0
��̄)Belle  4.9 ⇥ 10�4

, 4.0 ⇥ 10�5
, 1.2 ⇥ 10�6 and

B(D+
! ⇡

+
��̄)Belle  2.5⇥10�3

, 2.1⇥10�4
, 6.1⇥10�6

for m� = 0.18, 0.5, 0.8 GeV respectively. Obviously, the
current Belle bound used in the Wilson coe�cient leads
to the significant increase of the branching ratios for both
decay modes. Although the charm meson mixing is very
constraining for the relevant couplings, the calculated
branching ratios reaching the order 10�8 might be possi-
ble to observe at the future tau-charm factories and Belle
II experiment.

IV. R̃2 IN c ! u��̄

The R̃2 leptoquark is a weak doublet and it inter-
acts with quark doublets (3). Therefore, the appropri-
ate couplings, ỹ

LR
2 s� ỹ

LR⇤
2 b� can be constrained from the

b ! s��̄ and s ! d��̄ decays, as well as from observ-
ables coming from the Bs � B̄s, Bd � B̄d, K0

� K̄
0 os-

cillations as in [20]. We consider the most constrain-
ing bounds coming from decays B ! K /E and from
the oscillations of Bs � B̄s, relevant for the � mass re-
gion (mK � m⇡)/2 < m� < (mD � m⇡)/2. The de-
cay B ! K /E was recently studied by the authors of

Ref. [29]. They pointed out that current bound on
the rate B ! K /E when the SM branching ratio for
B ! K⌫⌫̄ is subtracted from the experimental bound on
B(B+

! K
+ /E) is the most constraining. They derived

B(B ! K /E) < 9.7⇥ 10�6as the strongest bound among
B ! Hs /E (Hs is a hadron containing the s quark).

1. Constraints from B ! K /E and Bs � B̄s oscillations

The amplitude for B ! K��̄ can be written as

M(B ! K��̄) =
p
2GF c

LR
B ū�(p1)�µPRv�(p2)⌦

K(k)|ū�µ
PL|B(p)

↵
. (22)

In the case of Wilson coe�cient cLR
B it is easy to find [13]

c
LR
B = �

v
2

2M2
R̃2

ỹ
LR
2 s�ỹ

LR⇤
2 b� . (23)

The integration over the phase space depends on the mass
of m� we chose. Here we can choose a mass �, which we
used in D decays (mK �m⇡)/2 < m� < (mD �m⇡)/2.
The bounds on the Wilson coe�cient in Eq. (23) are
following |c

LR
B | < 3.3 ⇥ 10�4, < 4.9 ⇥ 10�4 and < 9.1 ⇥

10�4 for m� = 0.18, 0.50, 0.80 GeV.
There are two box diagrams with � within the box

contributing to the Bs�B̄s oscillations. The contribution
of R̃2 box diagrams to the e↵ective Lagrangian for the
Bs � B̄s oscillation is

L
NP
�B=2 = �

1

128⇡2

⇣
ỹ
LR
2 s�

⌘2 ⇣
ỹ
LR ⇤
2 b�

⌘2

M
2
R̃2

⇥
�
s̄�µPRb

�
(s̄�µ

PRb) . (24)

We can understand this result in terms of the recent
study of new physics in the Bs � B̄s oscillation in [30].
The authors of [30] introduced the following notation of
the New Physics (NP) contribution containing the right-
handed operators as

L
NP
�B=2 � �

4GF
p
2
(VtbV

⇤
ts)

2
C

RR
bs

�
s̄�µPRb

�
(s̄�µ

PRb) .

(25)
Following their notation, one can write the modification
of the SM contribution by the NP as in Ref. [30]

�M
SM+NP
s

�MSM
s

=

�����1 +
⌘
6/23

R
SM
loop

C
RR
bs

����� (26)

They found that RSM
loop = (1.31 ± 0.010) ⇥ 10�3 and ⌘ =

↵s(µNP )/↵s(µb). Relying on the Lattice QCD results of
the two collaborations FNAL/MILC [31], HPQCD [32],
the FLAG averaging group [33] published following re-
sults, which we use in our calculations

�M
FLAG2019
s = (20.1+1.2

�1.6) ps
�1 = (1.13+0.07

�0.09)�M
exp
s ,

(27)
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can have 9⇥2 parameters. Here, we consider one �, that
can couple to both u and c quarks. These two couplings
might enter in amplitudes for processes with down-like
quarks at loop-level, as discussed in [20]. Obviously, due
to the right-handed nature of �, one can immediately see
that in the case of S̄1, the e↵ective Lagrangian has only
the contribution

Le↵ =
p
2GF

v
2

2M2
ȳ
RR
1 c�ȳ

RR⇤
1u� (uR�µcR)(�R�

µ
�R). (8)

First, we discuss constraints from D
0
� D̄

0 mixing and
then consider exclusive decays D

0
! ��̄, D

0
! �̄��,

and D ! ⇡��̄. The authors of Ref. [12] considered
scalar leptoquarks allowing each up-quark can couple to
di↵erent flavour of lepton or right-handed neutrino. In
such a way, they avoid constraints from the D

0
� D̄

0

mixing.

1. Constraints from D0 � D̄0

The strongest constraints on � interactions with u and
c comes from the D

0
� D̄

0 oscillations. The interactions
in Eqs. (2) and (3) can generate transition D

0
� D̄

0.
Coloured scalar S̄1 contributes to the operator entering
the e↵ective Lagrangian [13, 21]

L
Dmix
e↵ = �C6

�
c̄�µPRu

�
(c̄�µ

PRu) , (9)

with the Wilson coe�cient given by

C6 =
1

64⇡2M2
S̄1

⇣
ȳ
RR
1 c�

⌘2 ⇣
ȳ
RR⇤
1u�

⌘2
. (10)

The standard way to write the hadronic matrix ele-
ment is

⌦
D̄

0
|(ū�µPRc)(ū�µ

PRc)|D0
↵
= 2

3m
2
Df

2
DBD, with

the bag parameter BD(3GeV) = 0.757(27)(4) calculated
in the MS scheme, which was computed by the lattice
QCD [22] and the D meson decay constant defined as⌦
0|ū�µ�5c)|D(p)

↵
= ifDpµ, with fD = 0.2042 GeV [23].

Due to large nonperturbative contributions, the SM con-
tribution is not well known. Therefore, in the absence of
CP violation, the robust bound on the product of the
couplings can be obtained by requiring that the mix-
ing frequency should be smaller than the world aver-
age x = 2|M12|/� = (0.43+0.10

�0.11)% by HFLAV [24]. The
bound on this Wilson coe�cient can be derived following
[20, 25]

��rC6(MS̄1
)
�� 2mDf

2
DBD

3�D
< x, (11)

with a renormalisation factor r = 0.76 due to running of
C6 from scale MS̄1

' 1.5 TeV down to 3 GeV. One can
derive |C6| < 2.3⇥ 10�13 GeV�2 or

���ȳRR
1 c� ȳ

RR⇤
1u�

��� < 1.2⇥ 10�5
MS̄1

/GeV. (12)

c
RR

<
0.363GeV

MS̄1
(GeV)

. (13)

2. D0 ! ��̄

The amplitude for this process can be written as

M(D0
! ��̄) =

p
2

2
GF fDc

RR
m�ū�(p1)�5v�(p2), (14)

giving the branching ratio

B(D0
! ��̄) =

1

�D

G
2
F f

2
DmD

16⇡

���cRR
���
2
m

2
�

s

1�
4m2

�

m
2
D

.

(15)
Using Belle bound B(D0

! ��̄) < 9.4⇥10�5 [8], one can
find easily the bound on Wilson coe�cient

��cRR
��
Belle

<

0.046. This value is derived for the mass m� = 0.8 GeV.
We analyse the dependence on the mass of S̄1, allowing
the mass of � to be (mK �m⇡)/2 < m� < (mD�m⇡)/2,
and assume the branching ratio for B(D0

! ��̄) <

10�10, 10�9 and 10�8, with
���ȳRR

1 c� ȳ
RR⇤
1u�

��� = 1. We present

our result in Fig. 2 and find that mass of S̄1, using these
reasonable assumptions, can be within LHC reach.

m� (GeV) B(D0 ! ��̄)D�D̄

0.18 < 1.1⇥ 10�9

0.50 < 7.4⇥ 10�9

0.80 < 1.1⇥ 10�8

Table II. Branching ratios for B(D0 ! ��̄) for three selected
values of m�. The constraints from the D0 � D̄0 mixing is
used, with cRR  3.63⇥ 10�4, assuming MS̄1

= 1000 GeV.
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the bag parameter BD(3GeV) = 0.757(27)(4) calculated
in the MS scheme, which was computed by the lattice
QCD [22] and the D meson decay constant defined as⌦
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= ifDpµ, with fD = 0.2042 GeV [23].

Due to large nonperturbative contributions, the SM con-
tribution is not well known. Therefore, in the absence of
CP violation, the robust bound on the product of the
couplings can be obtained by requiring that the mix-
ing frequency should be smaller than the world aver-
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�0.11)% by HFLAV [24]. The
bound on this Wilson coe�cient can be derived following
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our result in Fig. 2 and find that mass of S̄1, using these
reasonable assumptions, can be within LHC reach.
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PoS(CKM2021)039

BSM searches with (semi)leptonic charm decays

Model of BSM e�ect on W.C. size of the e�ect
Scalar LQ (3,2,7/6) CS,P, C

0

S,P, CT,T5, C9,10, C
0

9,10 VcbV
⇤

ub |C9,C10 | < 0.31
Vector LQ (3,1,5/3) C

0

9 = C
0

10 VcbV
⇤

ub |C
0

9 | < 0.22
Two Higgs doublet III CS,P, C

0

S,P VcbV
⇤

ub |CS � C
0

S | < 0.0045,
VcbV

⇤

ub |CP � C
0

P | < 0.0045
Z
0

C
0

9,10 VcbV
⇤

ub |C
0

9 | < 0.001,
VcbV

⇤

ub |C
0

10 | < 0.001

Table 2: Bounds on Wilson coe�cients for di�erent models of NP, following [3].

authors of [13] calculated the SM branching ratio B(D
0
! ⌫⌫̄) = 1.1 ⇥ 10�31. Since experimental

searches instead of neutrino pair can see missing energy, the authors of [13] instead of neutrinos
considered dark matter candidates. Eventually, it might be important to investigate the process
with � �̄� in the final state. Namely, a massless photon lifts the helicity suppression. In our paper
[14] we considered branching ratios for such decay modes. The authors of Ref. [6] deterrmined
the expected event rate for the charm hadron decays to a final hadronic state and neutrino - anti-
neutrino states. They found out that in Belle II experiment, these processes can be seen. The
future FCC-ee might measure branching ratios of O(10�6

) down to O(10�8
), in particular D

0,
D
+
(s)

and ⇤+c decay modes. The Belle collaboration produced the bound of the branching ratio for
B(D

0
! invisibles)  9.4⇥ 10�5. The authors of Refs. [6] considered in detail general framework

of BSM in c ! u invisibles, using SU(2)L invariance and data on charged lepton processes [15].
They determined that these assumptions lead to upper limits of few 10�5, while assuming lepton
universality, branching ratios can reach 10�6. The e�ective Lagrangian describing the invisible
fermions in c ! u transitions is of the form

Le� =
p

2GF


c
LL

(uL�µcL)(⌫L�
µ⌫0L) + c

RR
(uR�µcR)(⌫R�

µ⌫0R)

+ c
LR

(uL�µcL)(⌫R�
µ⌫0R) + c

RL
(uR�µcR)(⌫L�

µ⌫0L) + g
LL

(uLcR)(⌫L⌫
0

R)

+ gRR
(uRcL)(⌫R⌫

0

L) + g
LR

(uLcR)(⌫R⌫
0

L) + g
RL

(uRcL)(⌫L⌫
0

R)

+ h
LL

(uL�
µ⌫

cR)(⌫L�µ⌫⌫
0

R) + h
RR

(uR�
µ⌫

cL)(⌫R�µ⌫⌫
0

L)

�
+ h. c..

(6)

The authors of [6] analysed the right-handed massless neutrinos. We considered massive right-
handed fermions denoting ⌫R ⌘ �R [14]. One of coloured scalar mediators (see Table I of [14])
which can contribute to the transition c ! u� �̄ at the tree level is S̄1(3̄, 1,�2/3). The Lagrangian
is

L(S̄1) � ȳRR
1 i j ū

C i
R �

j
R S̄1 + h.c.. (7)

The matching of this Lagrangian to the e�ective Lagrangian (6 ) results in the Wilson coe�cient

c
RR =

v2

2M
2
S̄1

ȳRR
1 c� ȳRR⇤

1u� . (8)

In Tables 3, 4, and 5 we give the bounds on the B(D
0
! � �̄), B(D

0
! � �̄�), and B(D ! ⇡� �̄)

for three typical values of m�.
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II. COLOURED SCALARS IN c ! u��̄

In experimental searches, the transition c !

u invisibles might be approached in processes c ! u/E

with /E being missing energy. Therefore, invisibles can
be either SM neutrinos or new right-handed neutral
fermions (having quantum numbers of right-handed neu-
trinos), or scalars/vectors as suggested in Ref. [2]. The
authors of Refs. [1, 9] considered in detail general frame-
work of New Physics (NP) in c ! u invisibles, relying on
SU(2)L invariance and data on charged lepton processes
[9]. They found that these assumptions allow upper lim-
its as large as few 10�5, while in the limit of lepton uni-
versality branching ratios can be as large as 10�6. To
consider invisible fermions, having quantum numbers of
right-handed neutrinos, and being massive, we extend the
e↵ective Lagrangian by additional operators as described
in Refs. [3, 13]

Le↵ =
p
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
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µ
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0
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+ c
RR(uR�µcR)(⌫R�

µ
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0
R) + c

LR(uL�µcL)(⌫R�
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0
R)

+ c
RL(uR�µcR)(⌫L�

µ
⌫
0
L) + g
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�
+ h. c..

(1)

In Ref. [1] right-handed massless neutrinos are consid-
ered. Also, in Ref. [12] authors considered charm me-
son decays to invisible fermions, which have negligible
masses. In the following, we consider massive right-
handed fermions and use further the notation ⌫R ⌘ �R.
Following [13], we write in Table I interactions of the
coloured scalar S̄1 and R̃2 with the up quarks and R̃2

and S1 with down quarks.

Cloured Scalar Invisible fermion

S1 = (3̄, 1, 1/3) d̄C i
R �jS1

S̄1 = (3̄, 1,�2/3) ūC i
R �j S̄1

R̃2 = (3̄, 2, 1/6) ūi
L�

jR̃2/3
2

R̃2 = (3̄, 2, 1/6) d̄iL�
jR̃�1/3

2

Table I. The coloured scalars S̄1, S1 and R̃2 interactions with
invisible fermions and quarks. Here we use only right-handed
couplings of S1. Indices i, j refer to quark generations.

We concentrate only on coloured scalar and scalar
leptoquark due to di�culties with vector leptoquarks.
Namely, the simplest way to consider vector leptoquarks
in an ultra-violet complete theory is when they play the
role of gauge bosons. For example, U1 is one of the gauge
bosons in some of Pati-Salam unification schemes [14, 15].
However, other particles with masses close to U1 with

many new parameters in such theories, making it rather
di�cult to use without additional assumptions.
Coloured scalars contributing to transition c ! u��̄

have following Lagrangians, as already anticipated in in
[13]

L(S̄1) � ȳ
RR
1 ij ū

C i
R �

j
R S̄1 + h.c.. (2)

L(R̃2) � (V ỹ
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2 )ij ū

i
L �

j
RR̃

2/3
2 + ỹ

LR
2 ij d̄

i
L �

j
RR̃

�1/3
2 + h.c..

(3)
Here, we give only terms containing interactions of
quarks with right-handed �. The S1 scalar leptoquark,
in principle, might mediate c ! u��̄ on the loop level,
with one W boson changing down-like quarks to u and c.
Obviously, such a loop process is also suppressed by loop
factor 1/(16⇡2) and GF making it negligible. Also, due
to the right-handed nature of �, one can immediately see
that in the case of S̄1, the e↵ective Lagrangian has only
one contribution

Le↵ =
p
2GF c

RR
�
ūR�µcR

�
(�̄R�

µ
�R) , (4)

with

c
RR =

v
2

2M2
S̄1

ȳ
RR
1 c� ȳ

RR⇤
1u� . (5)

In the case of R̃2

Le↵ =
p
2GF c

LR
�
ūL�µcL

�
(�̄R��R) , (6)

with

c
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v
2

2M2
R̃2

⇣
V ỹ

LR
2

⌘

u�

⇣
V ỹ

LR
2

⌘⇤

c�
. (7)

For the mass of �, kinematically allowed, in the c ! u��̄

decay, one can relate this amplitude to b ! s��̄ or in
s ! d��̄. However, it was found [16] that the exper-
imental rates for K ! ⇡⌫⌫̄ are very close to the SM
rate [17], leaving very little room for NP contributions.
Therefore, we avoid this kinematic region and consider
mass of � to be m� � (mK � m⇡)/2, while the charm
decays allow m�  (mD �m⇡)/2. For our further study
it is very important that � is a weak singlet and there-
fore LHC searches of high-pT lepton tails [18, 19] are not
applicable for the constraints of interactions in the cases
we consider. However, further study of final states con-
taining mono-jets and missing at LHC and future High
luminosity colliders will shed more light on these pro-
cesses.

III. S̄1 IN c ! u��̄

Due to its quantum numbers, the coloured scalar S̄1

and � can interact only with up-like quarks. Most gener-
ally, the number of �’s can be three and the matrix y

RR
1 ij

Could appear from these couplings of the scalar LQs
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Relative statistical uncertainty of the branching ratio δB versus the branching ratio B for decays 

Bause et al., 2010.02225

Bause et al., 2010.02225 provide model-independent upper limits on branching ra<os reaching few 10-5 in the 
most general case of arbitrary lepton flavor structure, 10-5 for scenarios with charged lepton conserva<on and 
few 10-6 assuming lepton universality. We also give upper limits in Zʹ and leptoquark models. 
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weak e↵ective hamiltonian for c ! u⌫⌫̄ transitions in
Section II. In Section III we analyze the decay distri-
butions of D(s) ! P ⌫⌫̄, D(s) ! P+P� ⌫⌫̄, P = ⇡,K
⇤+
c ! p ⌫⌫̄, ⌅+

c ! ⌃+ ⌫⌫̄ and inclusive modes D ! X⌫⌫̄.
We obtain model-independent predictions for branching
ratios in Section IV. We also consider the implications
and constraints from right-handed (RH) neutrinos and
lepton number violating (LNV) interactions in the charm
sector. Predictions for tree-level NP mediators, such as
Z 0 and leptoquark (LQ) models are discussed in Section
V. We conclude in Section VI. Appendix A provides de-
tails on the SU(2)L-link and probing LU and cLFC. Ap-
pendix B contains formulae for form factors.

II. LOW-ENERGY EFFECTIVE HAMILTONIAN

In the absence of light RH neutrinos, as in the SM,
|�c| = |�u| = 1 dineutrino transitions can be described
by two operators amended by flavor indices in the weak
e↵ective hamiltonian

H⌫i⌫̄j

e↵ = �4GFp
2

↵e

4⇡

⇣
CUij
L Qij

L + CUij
R Qij

R

⌘
+ H.c. , (2)

with the four-fermion operators

Qij
L(R) = (ūL(R)�µcL(R)) (⌫̄jL�

µ⌫iL) , (3)

and i, j denote the neutrino flavors (mass eigenstates).
Here, GF denotes Fermi’s constant and ↵e is the fine
structure constant. No further dimension six operators
exist in H⌫i⌫̄j

e↵ .
Since the neutrino flavor indices are not experimen-

tally tagged, dineutrino branching ratios are obtained by
adding all dineutrino flavors incoherently

B(c ! u ⌫⌫̄) =
X

i,j

B(c ! u ⌫j ⌫̄i) . (4)

Therefore, all branching ratios depend on at most two
combinations of Wilson coe�cients that can be chosen
as

x±
U =

X

i,j

��CUij
L ± CUij

R

��2 . (5)

As it enters inclusive rates, the following term turns out
to be useful for the discussion of experimental limits

xU =
x+
U + x�

U

2
=

X

i,j

⇣
|CUij

L

��2 + |CUij
R

��2
⌘
. (6)

xU , and therefore x±
U  2xU , are presently not con-

strained by direct experimental information on |�c| =
|�u| = 1 dineutrino transitions. On the other hand,
model-independent upper limits on xU have been derived
using SU(2)L-invariance and data on charged lepton pro-
cesses [10]. With upper limits depending on the charged

lepton flavor structure, limits are obtained in three sce-
narios: LU, cLFC and general lepton flavor structure.

Specifically, writing the weak e↵ective hamiltonian for
charged dileptons as

H`i`j
e↵ � �4GFp

2

↵e

4⇡

⇣
KUij

L Oij
L + KUij

R Oij
R

⌘
+H.c., (7)

with dileptonic operators

Oij
L(R) = (ūL(R)�µcL(R)) (¯̀jL�

µ`iL) , (8)

analogous to the weak hamiltonian for dineutrinos (2),
the LU, cLFC limits corresponding to flavor structures
in the Wilson coe�cients can be identified as

KU
L,R|LU=

0

@
k 0 0
0 k 0
0 0 k

1

A , KU
L,R|cLFC=

0

@
ke 0 0
0 kµ 0
0 0 k⌧

1

A , (9)

while “general” means that all entries in the coe�cient
matrix are arbitrarily filled, allowing for cLFV. Here,
k, k` are the parameters in the coe�cient matrix.

Given a relation [10] between the neutrino Cij
L,R and the

charged lepton Kij
L,R couplings bounds on the latter im-

ply limits on the former. Note, this relation involves also
down-sector couplings to charged leptons, KD

L,R, with
analogous flavor patterns as in the up-sector (9). Clearly
the limits depend on the flavor structure.

Using input provided in Appendix A, to which we also
refer for details, the upper limits read

xU . 34 , (LU) (10)

xU . 196 , (cLFC) (11)

xU . 716 , (general) , (12)

which include leading order corrections from the Wolfen-
stein parameter � ' 0.2, therefore providing larger up-
per limits than in Ref. [10]. We employ these model-
independent, data-driven limits in the following Section
III as benchmarks for di↵erential decay distributions. In
Section IV we present upper limits on the branching ra-
tios using (10)-(12). We also discuss the impact of RH
neutrinos.

We remark that the charged lepton data yielding (10)-
(12) are from LHC’s Drell-Yan studies [11, 12]. In con-
trast to constraints from rare decays, here operators do
not interfere and large cancellations are avoided. On
the other hand, especially in the down-sector rare decay
data can imply significantly stronger constraints. Yet,
as discussed in Appendix A, the upper limits on the xU

including kaon constraints remain within the same or-
der of magnitude as in (10)-(12). Therefore, we choose
total model-independence and conservatively present re-
sults for (10)-(12).
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which include leading order corrections from the Wolfen-
stein parameter � ' 0.2, therefore providing larger up-
per limits than in Ref. [10]. We employ these model-
independent, data-driven limits in the following Section
III as benchmarks for di↵erential decay distributions. In
Section IV we present upper limits on the branching ra-
tios using (10)-(12). We also discuss the impact of RH
neutrinos.
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trast to constraints from rare decays, here operators do
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the other hand, especially in the down-sector rare decay
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Thus, the operators in Eqs. (2.2) and (2.3) capture all leading effects in the SMEFT in semilep-
tonic charm transitions. Unless stated otherwise, throughout this paper we work in the up-basis for
the SU(2)L multiplets, where
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with V the CKM matrix, and use i, j = 1, 2, 3 and ↵,� = 1, 2, 3 to label quark and lepton flavor
indices, respectively. We also use ` to denote the light leptons e and µ, but not ⌧ . The matching of
the SMEFT to the low-energy effective theory is reported next, while we postpone the discussion
of SU(2)L relations to Section 7.
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= (ē↵R ⌫
�
L)(c̄L d

i
R) ,

O
↵�i
T = (ē↵R�µ⌫⌫
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Note that mixed chirality tensor operators vanish by Lorentz invariance. The extraction of the CKM
matrix in the SMEFT is a delicate exercise [52]. For our purposes here, Vcd and Vcs can be safely
obtained by exploiting unitarity in the Wolfenstein parametrization,

Vcd = ��c +O(�5
c),

Vcs = 1� �
2
c/2 +O(�4

c),
(2.7)

where �c is the sine of the Cabibbo angle. We assume that any contribution of NP to the inputs of
these unitarity relations is small compared to the precision achieved with charm weak transitions.
For instance, �c obtained from kaon decays receives strong constraints from the unitarity of the first
row of the CKM matrix (see e.g. Ref. [40]). Similarly, we neglect the effects of NP modifications
to GF as determined from muon decays.

The tree-level matching conditions between the SMEFT in Eq. (2.1) and the low-energy La-
grangian in Eq. (2.5) are
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= (ē↵L�µ⌫
�
L)(c̄R�

µ
d
i
R) ,

O
↵�i
SL

= (ē↵R ⌫
�
L)(c̄R d

i
L) , O

↵�i
SR

= (ē↵R ⌫
�
L)(c̄L d

i
R) ,

O
↵�i
T = (ē↵R�µ⌫⌫
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SMEFT running from μ =1 TeV to μ =2 GeV  

where a sum over j is implicitly assumed. Interestingly, the low-energy operator O↵�i
VR

is gener-
ated in the SMEFT from an operator that modifies a chirality preserving W vertex but not from a
new four-fermion interaction, unlike other operators in Eq. (2.6). On the contrary, O↵�i

VL
receives

contributions from both a modified W vertex and a new four-fermion interaction, which cannot be
disentangled at low energies.

The relations in Eq. (2.8) hold at the matching scale µ = mW . The renormalization group
equations (RGE) induced by QCD and EW (QED) radiative effects allow one to robustly correlate
low- and high-pT data [53, 54]. In particular, the RGE running from µ = 1 TeV down to µ = 2 GeV
yields sizable effects in scalar and tensor operators [55],

✏SL(2GeV) ⇡ 2.1 ✏SL(TeV)� 0.3 ✏T (TeV) , ✏SR(2GeV) ⇡ 2.0 ✏SR(TeV) ,

✏T (2GeV) ⇡ 0.8 ✏T (TeV) .
(2.9)

Here, ✏X(TeV) refers to the corresponding combination of SMEFT WCs in Eq. (2.8). Vector oper-
ators do not run under QCD, and the electromagnetic and EW running remains at the percent level.
Similarly, other RGE-induced contributions, including the mixing with other SMEFT operators, do
not receive large QCD enhancements and remain at the percent level. All these effects are below
the level of precision of our studies, so we neglect them in the following.

3 Decays of charmed mesons

Leptonic and semileptonic decays D(s) ! ē
↵
⌫ and D ! ⇡(K)¯̀⌫ follow from the Lagrangian

in Eq. (2.5). This captures the leading effects of any possible short-distance contribution to c !

d
i
ē
↵
⌫
� flavor transitions, with the SM being a particular limit, ✏↵�iX,SM = 0 for all X . Hadronic ma-

trix elements of the corresponding operators are constrained by Lorentz symmetry and invariance of
QCD under parity. As a result, pure leptonic decays are sensitive only to axial (✏↵�iA = ✏

↵�i
VR

� ✏
↵�i
VL

)
and pseudoscalar (✏↵�iP = ✏

↵�i
SR

� ✏
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) combinations of WCs. On the other hand, the semileptonic
decays are sensitive to vectorial (✏↵�iV = ✏

↵�i
VR

+ ✏
↵�i
VL

) and scalar (✏↵�iS = ✏
↵�i
SR

+ ✏
↵�i
SL

) combinations
of WCs, and to the tensor WC (✏↵�iT ).

The largest available phase space that can be achieved for the semileptonic decays is given
by mD+ � m⇡0 ' 1.735 GeV. Note that this is smaller than the ⌧ lepton mass, which makes the
semitauonic D-meson decays kinematically forbidden. A similar conclusion follows for the decays
of charmed baryons. In other words, the tauonic vector, scalar and tensor operators (O⌧�

V,S,T ) are
not directly accessible and, as we will see below, high-pT tails provide a unique probe of these
operators. On the other hand, pure tauonic decays of D(s) are allowed.2

In the following, we derive bounds on the WCs of the operators in Eq. (2.6) from D(s)-meson
decays. First, we restrict ourselves to the lepton-flavor diagonal case (✏↵iX ⌘ ✏

↵↵i
X ), which interferes

with the SM and leads to the strongest bounds. The rate of the leptonic D decays is

BR(D+
! ē

↵
⌫
↵) = ⌧D+

mD+m
2
↵f

2
DG

2
F |Vcd|

2
�
4
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A +
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D

m↵(mc +mu)
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P

����
2

, (3.1)

2The phase-space restriction is lifted for semitauonic decays of excited D⇤ mesons. However, these predominantly
decay electromagnetically or strongly and the branching fractions of weak decays are suppressed [56, 57]. Furthermore,
one could in principle access the tauonic tensor operator by measuring D(s) ! ⌧⌫� (see e.g. Ref. [40] for the equivalent
pion and kaon decays).
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↵
⌫ and D ! ⇡(K)¯̀⌫ follow from the Lagrangian

in Eq. (2.5). This captures the leading effects of any possible short-distance contribution to c !

d
i
ē
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P ↵ BRSM xS xT yS yT

⇡
� e 2.65(18) · 10�3 1.12(10) · 10�3 1.21(15) · 10�3 2.74(22) 1.14(21)

µ 2.61(17) · 10�3 0.228(19) 0.23(3) 2.73(18) 1.15(22)

K
� e 3.48(26) · 10�2 1.29(8) · 10�3 1.18(11) · 10�3 2.00(11) 0.69(8)

µ 3.39(25) · 10�2 0.251(16) 0.224(20) 2.00(11) 0.71(8)

Table 1. Coefficients of the parametrization in Eq. (3.2) obtained using lattice QCD results [15, 16] for the
form factors.

where �
2
↵ = 1 �m

2
↵/m

2
D and ⌧D+ (fD+) is the D

+ lifetime (decay constant). This formula with
obvious replacements also describes the leptonic Ds decays. We use fD = 212.0(7) MeV and
fDs = 249.9(5) MeV, obtained from an average of lattice QCD simulations with two degenerate
light quarks and dynamical strange and charm quarks in pure QCD [6, 10, 11]. An important fea-
ture of the leptonic decays is that the axial contribution, such as the one predicted in the SM, is
suppressed by m

2
↵ due to the conservation of angular momentum. On the contrary, pseudoscalar

NP contributions are unsuppressed, and they receive strong constraints from searches and measure-
ments of these decays.

In the case of semileptonic D decays, the expressions for total rates are more involved as
they contain kinematic integrals with form factors, which are functions of the invariant mass of the
dilepton pair. The decay rate of the neutral D meson can be parametrized as a function of the WCs,
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=
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��2 + 2Re
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V )(xS ✏
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↵i⇤
T )

⇤
+ yS |✏

↵i
S |

2 + yT |✏
↵i
T |

2
,

(3.2)
where xS,T and yS,T describe the interference between NP and SM and the quadratic NP effects,
respectively, and Pi = ⇡, K for i = d, s. The numerical values of these parameters can be
obtained using lattice QCD calculations of the form factors and performing the kinematic integrals.
In Table 1 we show the values of these parameters for the D

0
! ⇡

�(K�)`+⌫ decays using the
lattice results from [15, 16]. The errors in the parametrization employed in these references have
been propagated consistently.

The limits on the WCs are determined by comparing these predictions to the PDG aver-
ages [58] of the experimental data on the branching fractions [59–72]. The results are shown
in Table 2 where one WC is fitted at a time setting the rest to zero. The sensitivity to vectorial cur-
rents is at the few percent level, reflecting the precision achieved in the experimental measurements
and in the calculation of the respective semileptonic form factors. Bounds on axial currents depend
strongly on the lepton flavor due to the chiral suppression of their contributions to the leptonic-
decay rates. Thus, the electronic axial operators are poorly constrained while muonic ones are
constrained down to a few percent. The difference between cs and cd transitions in the bounds on
the tauonic axial contributions is a result of the different experimental precision achieved in the
measurement of the corresponding decays.

Direct bounds on scalar and tensor operators stemming from semileptonic decays are rather
weak, with almost O(1) contributions still allowed by the data. As shown in Table 1, this is due
to the fact that the interference of these operators with the SM is chirally suppressed (see e.g.
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i ↵ ✏↵↵i
VL

⇥ 102
|✏↵�i

VL
| ⇥ 102 |✏↵�i

SL,R
(µ)| ⇥ 102 |✏↵�i

T (µ)| ⇥ 103

(↵ 6= �) µ = 1 TeV µ = 2 GeV µ = 1 TeV µ = 2 GeV

d

e [�0.52, 0.86] 0.67 (0.42) 0.72 (0.46) 1.5 (0.96) 4.3 (2.7) 3.4 (2.2)

µ [�0.85, 1.2] 1.0 (0.38) 1.1 (0.42) 2.3 (0.86) 6.6 (2.4) 5.2 (1.9)

⌧ [�1.4, 1.8] 1.6 (0.68) 1.5 (0.55) 3.1 (1.1) 8.7 (3.1) 6.9 (2.5)

s

e [�0.28, 0.59] 0.42 (0.26) 0.43 (0.28) 0.91 (0.57) 2.8 (1.5) 2.2 (1.2)

µ [�0.46, 0.78] 0.63 (0.23) 0.68 (0.25) 1.4 (0.52) 4.0 (1.4) 3.1 (1.1)

⌧ [�0.65, 1.2] 0.93 (0.40) 0.87 (0.31) 1.8 (0.65) 5.2 (1.8) 4.1 (1.5)

Table 4. 95% CL limits on the value of the WCs of the charged-current operators obtained from high-pT
data (� = e, µ, ⌧ ). We also show in parenthesis the naive projections for the HL-LHC (3 ab�1) on the
expected limits, assuming that the error will be statistically dominated.

scale for renormalization and factorization scales, µR/F = mT . We use the ATLAS and CMS
Delphes cards, respectively, when making the simulations for each experiment. ROOT [94] is used
to apply the selection criteria of each analysis to the corresponding Delphes output, and to obtain
the expected yields for our signals in each bin of the reported transverse mass distributions.

We validated our setup by producing MC samples for W ! e
↵
⌫ + jets in the SM, and

comparing the yields with those reported by ATLAS and CMS. We reproduce their results within
10% to 20% accuracy. As we only use limited MC simulation capabilities, detector emulation
via Delphes, and no experimental corrections from data, as done in the experimental analyses, we
consider this level of agreement as an accurate reproduction of the experimental results from the
phenomenological perspective. The same techniques have been used and reported in [45]. Thus,
the relative error on the limits derived here from the high-pT data is expected to be below 10%

(�✏X/✏X ⇡ 0.5��/�).
The limits on the WCs are obtained by comparing our simulated signal events for the trans-

verse mass distributions to the background events in the corresponding collaboration analyses. For
the statistical analysis, we use the modified frequentist CLs method [95]. We compute the CLs
using the ROOT package Tlimit [96], and exclude WC values with CLs < 0.05. In our statisti-
cal analysis, we include the SM background systematic and statistical errors (added in quadrature)
provided by the collaborations for all bins. We ignore any possible correlation in the bin errors
when combining the bins, since these are not provided. For the vector operator, both NP-squared
and NP-SM interference contributions are computed. We do not include systematic errors for the
signal simulation in our analysis, as they are expected to be subdominant compared to the over-
all signal normalization uncertainty stemming from the theoretical prediction of the cross section
discussed in Section 4.1.

Our results are reported in Table 4 in terms of the WCs at two different scales µ = 1 TeV
and µ = 2 GeV, respectively.6 The resulting limits qualitatively agree with the naive ratios in the

6See Eq. (2.9) for the RGE solutions. The difference between SL and SR is O(1%) so we use a single column.
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Figure 2. Exclusion limits at 95% CL on c ! d(s)ē↵⌫↵ transitions in (✏↵↵dVL
, ✏

↵↵s
VL

) plane were ↵ = e (top
left), ↵ = µ (top right), and ↵ = ⌧ (bottom). The region colored in pink is excluded by D(s) meson decays,
while the region colored in blue is excluded by high-pT LHC.

5 Interplay between low and high energy

Once we have clarified possible caveats concerning high-pT limits on effective operators we are
ready to compare low and high-energy results and discuss their complementarity. The comparison
for scalar and tensor operators is quite direct because they receive contributions only from four-
fermion operators in the SMEFT, cf. Eqs. (2.8). Vector and axial operators, on the other hand,
receive two types of SMEFT contributions from: (i) four-fermion operators, and (ii) W vertex cor-
rections. As discussed in detail in Section 4, only (i) experience the energy enhancement exploited
by our analysis of the high-pT tails. In the following, we discuss the interplay between low-energy
and high pT bounds in four-fermion operators and then we obtain limits on W vertex corrections.
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, ✏

↵↵s
VL

) plane were ↵ = e (top
left), ↵ = µ (top right), and ↵ = ⌧ (bottom). The region colored in pink is excluded by D(s) meson decays,
while the region colored in blue is excluded by high-pT LHC.

5 Interplay between low and high energy

Once we have clarified possible caveats concerning high-pT limits on effective operators we are
ready to compare low and high-energy results and discuss their complementarity. The comparison
for scalar and tensor operators is quite direct because they receive contributions only from four-
fermion operators in the SMEFT, cf. Eqs. (2.8). Vector and axial operators, on the other hand,
receive two types of SMEFT contributions from: (i) four-fermion operators, and (ii) W vertex cor-
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a striking illustra<on of the LHC poten<al to probe new flavor 
viola<ng interac<ons at high-pT



Summary and outlook

SM theore<cal approaches make great progress in precision calcula<on of hadronic spectra, proper<es of 
charmed hadron,  weak decays, rare decays within SM.

New experimental results from Belle 2, BesIII, LHCb … will encourage theore<cal studies!

New Physics in charm processes are not expected to be significant.
Many studies established powerful  constraints of the NP parameters.



Charm quark, charm quark, What will you become? 
A par<cle of the future, Or just a memory of some?
You’re the third-most massive quark, 
With a charge of +2/3 e. 
You carry charm, a quantum number, 
And you’re found in various hadrons, you see.
You’re an elementary par<cle, 
Of the second genera<on. 
You’re part of the Standard Model, 
And you’re subject to specula<on.
The future of charm quarks, Is s<ll unknown to us. 
But we’ll keep on studying, 
And we’ll never lose our trust.

A poem on the charm quark future 
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