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Bound States of QED

•Hydrogen atom 

•Positronium

•Muonium

•“True” Muonium/Dimuonium

•More exotic di-leptonic resonances           , 

•“Molecular systems”

•Other atoms 

<latexit sha1_base64="q8J0T5tfP1ESX1//0CDZeubJpXU=">AAACDHicdVDLSgMxFM3UV62PVl26CRahIg4TxVpXFty4rGBroa0lk2ba0ExmSDLCMPQX/AG3+gfuxK3/4A/4HabTEazogZDDOfdy7z1uyJnSjvNh5RYWl5ZX8quFtfWNzWJpa7ulgkgS2iQBD2TbxYpyJmhTM81pO5QU+y6nt+74curf3lOpWCBudBzSno+HgnmMYG2kfqlY6Woc3R3C9Ds66JfKjn3qoPOqAx3bSZGSGjpBEGVKGWRo9Euf3UFAIp8KTThWqoOcUPcSLDUjnE4K3UjREJMxHtKOoQL7VPWSdPEJ3DfKAHqBNE9omKo/OxLsKxX7rqn0sR6p395U/MvrRNqr9RImwkhTQWaDvIhDHcBpCnDAJCWax4ZgIpnZFZIRlphok9XcFI/Gwg8nBRPM9/Xwf9I6tlHVRteoXL/IIsqDXbAHKgCBM1AHV6ABmoCACDyCJ/BsPVgv1qv1NivNWVnPDpiD9f4FzjCasg==</latexit>

(⌧+⌧�)
<latexit sha1_base64="mhVrDQJMAO5DbufGlbaeRryrizY=">AAACEHicdVDLSgMxFM34rPVV7dJNsAi6KRPFWlcW3LhUsFbotCWT3tFgkglJRhhKf8IfcKt/4E7c+gf+gN9hWiuo6IELh3Pu5d57Yi24dWH4FkxNz8zOzRcWiotLyyurpbX1C5tmhkGTpSI1lzG1ILiCpuNOwKU2QGUsoBXfHI/81i0Yy1N17nINHUmvFE84o85LvVJ5O3I060Za4giE6EZS7/RKlbC6H5LDWojDajjGmNTJHsFkolTQBKe90nvUT1kmQTkmqLVtEmrXGVDjOBMwLEaZBU3ZDb2CtqeKSrCdwfj4Id7ySh8nqfGlHB6r3ycGVFqby9h3Suqu7W9vJP7ltTOX1DsDrnTmQLHPRUkmsEvxKAnc5waYE7knlBnub8XsmhrKnM/rx5YEciX1sOiD+foe/08udqukViVnpNI4mkRUQBtoE20jgg5QA52gU9REDOXoHj2gx+AueAqeg5fP1qlgMlNGPxC8fgDC25zn</latexit>

(⌧±`⌥)

<latexit sha1_base64="AfMOFKAizxLEWnn3ev0qWRvNrp4=">AAACB3icdVDLSgMxFM3UV62vqks3wSJUxDJRrHVlwY3LCvYBbS2ZNNOGJpkhyQhl6Af4A271D9yJWz/DH/A7zEwrWNEDCYdz7uXee7yQM21c98PJLCwuLa9kV3Nr6xubW/ntnYYOIkVonQQ8UC0Pa8qZpHXDDKetUFEsPE6b3ugq8Zv3VGkWyFszDmlX4IFkPiPYWKlT7Ijo7ij5jg97+YJbOnPRRdmFbslNkZIKOkUQzZQCmKHWy392+gGJBJWGcKx1G7mh6cZYGUY4neQ6kaYhJiM8oG1LJRZUd+N05wk8sEof+oGyTxqYqj87Yiy0HgvPVgpshvq3l4h/ee3I+JVuzGQYGSrJdJAfcWgCmAQA+0xRYvjYEkwUs7tCMsQKE2Njmpvi07EU4SRng/m+Hv5PGiclVC6hG1SoXs4iyoI9sA+KAIFzUAXXoAbqgIAQPIIn8Ow8OC/Oq/M2Lc04s55dMAfn/QtZo5lz</latexit>

(µ+µ�)

<latexit sha1_base64="FMu/BJtbDFHeIcZN4wQcW2jtOzY="></latexit>

(⇡±µ⌥)

<latexit sha1_base64="uhuLOg45q3czfAYalDtNLLEusfQ=">AAACBHicdVDLSgMxFM34rPVVdekmWARFLJmKfawsuHGpYB9Sq2TSO21okhmSjFBKt/6AW/0Dd+LW//AH/A5TW8GKHrhwOOde7r0niAU3lpB3b2Z2bn5hMbWUXl5ZXVvPbGzWTJRoBlUWiUg3AmpAcAVVy62ARqyBykBAPeidjvz6HWjDI3Vp+zG0JO0oHnJGrZOu9uDmAMPN4f5tJktypHBcPiKY5I6JXyyXHSGkUDrKY9+REbJogvPbzMd1O2KJBGWZoMY0fRLb1oBqy5mAYfo6MRBT1qMdaDqqqATTGnwdPMS7TmnjMNKulMVf6s+JAZXG9GXgOiW1XfPbG4l/ec3EhqXWgKs4saDYeFGYCGwjPPoet7kGZkXfEco0d7di1qWaMusymtoSQl/JeJh2wXx/j/8ntXzOL+T8Cz9bOZlElELbaAftIR8VUQWdoXNURQxJ9IAe0ZN37z17L97ruHXGm8xsoSl4b5+YYJfq</latexit>

(e+e�)
<latexit sha1_base64="/PrWOhUE/elDmdSo+5XkXX1z5bw=">AAACDHicdVDLSgMxFM34tr6qLt0Ei1A3JWNptSsFNy4VrC102pJJ77TBJBOSjFBKf8EfcKt/4E7c+g/+gN9hqhVU9MCFwzn3cu89sRbcOkJeg5nZufmFxaXl3Mrq2vpGfnPryqaZYVBnqUhNM6YWBFdQd9wJaGoDVMYCGvH16cRv3ICxPFWXbqihLWlf8YQz6rzUzW8UI5l1Ii0xdCKp97v5AimRaqVWJpiUKiQ8rNU8IaR6VD7AoScTFNAU5938W9RLWSZBOSaota2QaNceUeM4EzDORZkFTdk17UPLU0Ul2Pbo4/Ax3vNKDyep8aUc/lC/T4yotHYoY98pqRvY395E/MtrZS45ao+40pkDxT4XJZnALsWTFHCPG2BODD2hzHB/K2YDaihzPqsfWxIYKqnHOR/M1/f4f3J1UAqrpfAiLJwcTyNaQjtoFxVRiA7RCTpD56iOGMrQHbpHD8Ft8Bg8Bc+frTPBdGYb/UDw8g6/vJtK</latexit>

(µ±e⌥)

<latexit sha1_base64="jdV7XmZKqhZie1yIQR3MgtxrIyg=">AAACEHicdZDLSgMxFIYz9V5vVZdugkWoiCXT0ttKwY1LBdsKtS2Z9IwNzWSGJCMMpS/hC7jVN3Anbn0DX8DnML0oKvpD4OM/53BOfi8SXBtC3pzU3PzC4tLySnp1bX1jM7O13dBhrBjUWShCdeVRDYJLqBtuBFxFCmjgCWh6g9NxvXkLSvNQXpokgnZAbyT3OaPGWt3MTg46hxg6Rwf4i7qZLMmTcqlWJJjkS8St1GoWCClXiwXsWhgri2Y672ber3shiwOQhgmqdcslkWkPqTKcCRilr2MNEWUDegMti5IGoNvDyfEjvG+dHvZDZZ80eOJ+nxjSQOsk8GxnQE1f/66Nzb9qrdj41faQyyg2INl0kR8LbEI8TgL3uAJmRGKBMsXtrZj1qaLM2Lx+bPEhkUE0SttgPn+P/4dGIe+W8+6Fmz05nkW0jHbRHsohF1XQCTpD56iOGErQPXpAj86d8+Q8Oy/T1pQzm9lBP+S8fgCIxZru</latexit>

(e+e�)(e+e�)

<latexit sha1_base64="APWQ2zydI11smojjeTdTo5/I2e4=">AAACBHicdVDLSgMxFM34rPVVdekmWARFLJmKfawsuHGpYB9Sq2TSO21okhmSjFBKt/6AW/0Dd+LW//AH/A5TW8GKHrhwOOde7r0niAU3lpB3b2Z2bn5hMbWUXl5ZXVvPbGzWTJRoBlUWiUg3AmpAcAVVy62ARqyBykBAPeidjvz6HWjDI3Vp+zG0JO0oHnJGrZOu9uKbAww3h/u3mSzJkcJx+YhgkjsmfrFcdoSQQukoj31HRsiiCc5vMx/X7YglEpRlghrT9ElsWwOqLWcChunrxEBMWY92oOmoohJMa/B18BDvOqWNw0i7UhZ/qT8nBlQa05eB65TUds1vbyT+5TUTG5ZaA67ixIJi40VhIrCN8Oh73OYamBV9RyjT3N2KWZdqyqzLaGpLCH0l42HaBfP9Pf6f1PI5v5DzL/xs5WQSUQptox20h3xURBV0hs5RFTEk0QN6RE/evffsvXiv49YZbzKzhabgvX0CqjWX9Q==</latexit>

(p+e�)



Bound States of QED

The Bohr atom

<latexit sha1_base64="5ECvG/RccrWLSU7vpI0AYy1in+k=">AAACG3icbZDLSgMxFIYzXmu9VV0KEiyCG8vMLNSNWBDBZQV7gc60ZNJMG5pkhiQjlGF2voYv4FbfwJ24deEL+Bym7Sxs6w+Bn/+cwzn5gphRpW3721paXlldWy9sFDe3tnd2S3v7DRUlEpM6jlgkWwFShFFB6ppqRlqxJIgHjDSD4c243nwkUtFIPOhRTHyO+oKGFCNtom7p6LYrrs68UCKceojFA9RxoceTLHVFx826pbJdsSeCi8bJTRnkqnVLP14vwgknQmOGlGo7dqz9FElNMSNZ0UsUiREeoj5pGysQJ8pPJ//I4IlJejCMpHlCw0n6dyJFXKkRD0wnR3qg5mvj8L9aO9HhpZ9SESeaCDxdFCYM6giOocAelQRrNjIGYUnNrRAPkGGiDbqZLSEZCR5nRQPGmcewaBpuxTmvOPdOuXqdIyqAQ3AMToEDLkAV3IEaqAMMnsALeAVv1rP1bn1Yn9PWJSufOQAzsr5+AfCxoTk=</latexit>

En = �↵2µ
2n2

Higher order corrections (fine and hyper-fine) e.g. relativistic, 
spin-orbit, Lamb shift, spin-spin, lift     degeneracy

<latexit sha1_base64="zd/dXFG0EvbRv32T7MfKIyg1uJU="></latexit>

rn = n2

↵µ

<latexit sha1_base64="vBtp2pHVAxC6u65ZMcBtHWL1qtw=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8egF48RzQOSNcxOZpMhM7PLzKywhIA/4FX/wJt49Vf8Ab/DSbIHk1jQUFR1090VxJxp47rfTm5ldW19I79Z2Nre2d0r7h80dJQoQusk4pFqBVhTziStG2Y4bcWKYhFw2gyGNxO/+USVZpF8MGlMfYH7koWMYGOle/lY6RZLbtmdAi0TLyMlyFDrFn86vYgkgkpDONa67bmx8UdYGUY4HRc6iaYxJkPcp21LJRZU+6PpqWN0YpUeCiNlSxo0Vf9OjLDQOhWB7RTYDPSiNxH/89qJCa/8EZNxYqgks0VhwpGJ0ORv1GOKEsNTSzBRzN6KyAArTIxNZ25LSFMp4nHBBuMtxrBMGpWyd1E+vzsrVa+ziPJwBMdwCh5cQhVuoQZ1INCHF3iFN+fZeXc+nM9Za87JZg5hDs7XLyxslh4=</latexit>

n2



True muonium/Dimuonium

<latexit sha1_base64="UjAaFJ7nzVN0IztxFoiicCxY5sY="></latexit>

E1(H) = �13.6 eV E1(e+e�) = �6.8 eV E1(µ+
µ
�) = �1407 eV

Rescale positronium. Mass is <latexit sha1_base64="JJXzWAIdwPm5sgsnUh6VVpcJnyU=">AAACBXicbVDLSgNBEJz1GeMr6tHLYBC8GHZzUG8GRPAYwTwwWZbZSW8yZGZ2mZkVlpCzP+BV/8CbePU7/AG/w0myB5NY0FBUddPdFSacaeO6387K6tr6xmZhq7i9s7u3Xzo4bOo4VRQaNOaxaodEA2cSGoYZDu1EAREhh1Y4vJn4rSdQmsXywWQJ+IL0JYsYJcZKj1URdEV6fht4QansVtwp8DLxclJGOepB6afbi2kqQBrKidYdz02MPyLKMMphXOymGhJCh6QPHUslEaD90fTiMT61Sg9HsbIlDZ6qfydGRGididB2CmIGetGbiP95ndREV/6IySQ1IOlsUZRybGI8eR/3mAJqeGYJoYrZWzEdEEWosSHNbYkgkyIZF20w3mIMy6RZrXgXFe/eK9eu84gK6BidoDPkoUtUQ3eojhqIIole0Ct6c56dd+fD+Zy1rjj5zBGag/P1C9CtmJo=</latexit>

2mµ � E1

<latexit sha1_base64="UKQOfq28gMZqn3bt6dlzqtrCt3I="></latexit>

r1(H) = a0 = 53000 fm r1(e+e�) = 2a0 r1(µ+
µ
�) = 530 fm

Unlike positronium there are fermionic decays (for S levels)

<latexit sha1_base64="4EYcsIN7k5725X/3ARhvD2Jdv/k="></latexit>

µ�

µ+

e+

e�
<latexit sha1_base64="oTbdHsgdNzh4eauo0X29p0qKKc8="></latexit>

µ�

µ+

�

�

<latexit sha1_base64="PEQhFedC78u3+epNn3Yw0zkKJSA=">AAACBnicdVDLSsNAFJ34rPVVdelmsAiCEDJFq+6KbsRVBfuANJbJdNIOnUzCzEQIIXt/wK3+gTtx62/4A36H04dgfRy4cDjnXu69x485U9px3q25+YXFpeXCSnF1bX1js7S13VRRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7wY+a07KhWLxI1OY+qFuC9YwAjWRnLFbVZRhyjn3atuqezYxw46qyL4myDbGaMMpqh3Sx+dXkSSkApNOFbKRU6svQxLzQinebGTKBpjMsR96hoqcEiVl41PzuG+UXowiKQpoeFY/T6R4VCpNPRNZ4j1QP30RuJfnpvo4NTLmIgTTQWZLAoSDnUER//DHpOUaJ4agolk5lZIBlhiok1KM1sCmoowzosmmK/v4f+kWbFR1UbXR+Xa+TSiAtgFe+AAIHACauAS1EEDEBCBB/AInqx769l6sV4nrXPWdGYHzMB6+wRZa5mI</latexit>

n2s+1lJ

<latexit sha1_base64="U2N49pH8ZTusIGojJzCqW2S8Wks=">AAACAnicbVDLTsMwEHR4lvIqcORiUSFxqhJAwLGCC8ci6ENqQ+W4m9aq7US2gxRFvfEDXOEPuCGu/Ag/wHfgtjnQlpFWGs3sancniDnTxnW/naXlldW19cJGcXNre2e3tLff0FGiKNRpxCPVCogGziTUDTMcWrECIgIOzWB4M/abT6A0i+SDSWPwBelLFjJKjJWa8vEM33e9bqnsVtwJ8CLxclJGOWrd0k+nF9FEgDSUE63bnhsbPyPKMMphVOwkGmJCh6QPbUslEaD9bHLuCB9bpYfDSNmSBk/UvxMZEVqnIrCdgpiBnvfG4n9eOzHhlZ8xGScGJJ0uChOOTYTHv+MeU0ANTy0hVDF7K6YDogg1NqGZLSGkUsSjog3Gm49hkTROK95Fxbs7L1ev84gK6BAdoRPkoUtURbeohuqIoiF6Qa/ozXl23p0P53PauuTkMwdoBs7XL2L/l0Y=</latexit>

n3S1

<latexit sha1_base64="NBlTH9JtgJSVQO1X7lykmJMQfjw=">AAACAnicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RzQOSNcxOepMhM7PLzKywLLn5A171D7yJV3/EH/A7nCR7MIkFDUVVN91dQcyZNq777RRWVtfWN4qbpa3tnd298v5BU0eJotCgEY9UOyAaOJPQMMxwaMcKiAg4tILRzcRvPYHSLJIPJo3BF2QgWcgoMVZqyUcP3/fcXrniVt0p8DLxclJBOeq98k+3H9FEgDSUE607nhsbPyPKMMphXOomGmJCR2QAHUslEaD9bHruGJ9YpY/DSNmSBk/VvxMZEVqnIrCdgpihXvQm4n9eJzHhlZ8xGScGJJ0tChOOTYQnv+M+U0ANTy0hVDF7K6ZDogg1NqG5LSGkUsTjkg3GW4xhmTTPqt5F1bs7r9Su84iK6Agdo1PkoUtUQ7eojhqIohF6Qa/ozXl23p0P53PWWnDymUM0B+frF14vl0M=</latexit>

n1S0

<latexit sha1_base64="/yb/pzRphQF9zeykWxb0UfYDMG8=">AAACFnicbVDLSgMxFM34rPU16krcDBahbspMEXVZdKHLCvYBnbFk0kwbmmRCkhGGafE3/AG3+gfuxK1bf8DvMH0sbOuBC4dz7uXee0JBidKu+20tLa+srq3nNvKbW9s7u/befl3FiUS4hmIay2YIFaaE45ommuKmkBiykOJG2L8e+Y1HLBWJ+b1OBQ4Y7HISEQS1kdr2oX8DGYO+kLHQsTPwhSJF93TwUG7bBbfkjuEsEm9KCmCKatv+8TsxShjmGlGoVMtzhQ4yKDVBFA/zfqKwgKgPu7hlKIcMqyAbvzB0TozScaJYmuLaGat/JzLIlEpZaDoZ1D01743E/7xWoqPLICNcJBpzNFkUJdQxz47ycDpEYqRpaghEkphbHdSDEiJtUpvZEuGUMzHMm2C8+RgWSb1c8s5L3t1ZoXI1jSgHjsAxKAIPXIAKuAVVUAMIPIEX8ArerGfr3fqwPietS9Z05gDMwPr6BSUOnzk=</latexit>

� / | (0)|2

<latexit sha1_base64="f0haUO39/DSiNg6IeNJK7agrHBk=">AAACH3icbZDLSgMxFIYzXmu9VV26CRbBVZnxUt0IRTcuK1hb6IzlTJqxwSQzJBlhGGbva/gCbvUN3InbvoDPYVq7sNUfAj//OYdz8oUJZ9q47tCZm19YXFourZRX19Y3Nitb27c6ThWhLRLzWHVC0JQzSVuGGU47iaIgQk7b4cPlqN5+pEqzWN6YLKGBgHvJIkbA2KhX2fMNpPgc+5ECktfl3VGR+8CTAdydYNHzRVr0KlW35o6F/xpvYqpoomav8uX3Y5IKKg3hoHXXcxMT5KAMI5wWZT/VNAHyAPe0a60EQXWQj/9S4H2b9HEUK/ukweP090QOQutMhLZTgBno2doo/K/WTU10FuRMJqmhkvwsilKOTYxHYHCfKUoMz6wBopi9FZMBWCrG4pvaEtFMiqQoWzDeLIa/5vaw5tVr3vVxtXExQVRCu2gPHSAPnaIGukJN1EIEPaEX9IrenGfn3flwPn9a55zJzA6akjP8Bg8gouI=</latexit>

⌧ =
6n3

↵5mµ

<latexit sha1_base64="WqoMHE2HTchMP4OnSV36P91Ciuo=">AAACH3icbZDLSgMxFIYzXmu9VV26CS2CqzLjfSMU3bisYG2hM5YzacYGk8yQZIRhmL2v4Qu41TdwJ277Aj6H6WWh1R8CP/85h3PyhQln2rju0JmbX1hcWi6tlFfX1jc2K1vbtzpOFaEtEvNYdULQlDNJW4YZTjuJoiBCTtvhw+Wo3n6kSrNY3pgsoYGAe8kiRsDYqFep+gZSfI79SAHJD+TdYZH7wJMB3B1j0fNFWvQqNbfujoX/Gm9qamiqZq/y5fdjkgoqDeGgdddzExPkoAwjnBZlP9U0AfIA97RrrQRBdZCP/1LgPZv0cRQr+6TB4/TnRA5C60yEtlOAGejZ2ij8r9ZNTXQW5EwmqaGSTBZFKccmxiMwuM8UJYZn1gBRzN6KyQAsFWPx/doS0UyKpChbMN4shr/m9qDundS966Na42KKqIR2URXtIw+doga6Qk3UQgQ9oRf0it6cZ+fd+XA+J61zznRmB/2SM/wGCHCi3g==</latexit>

⌧ =
2n3

↵5mµ

<latexit sha1_base64="MrlDHLowe8jkNnirFx0i83SQMUY="></latexit>

[(e+e�) ! 3�]

O: P:



<latexit sha1_base64="zA1iwKYh3ib5gXbMcaVXUh7aFdo="></latexit>

�, 1.5 ns

<latexit sha1_base64="TWnlPVXQpAMDJFnNaOMuNVyf5GU="></latexit>

�, 15 ps

<latexit sha1_base64="0Moxn90kHnoHZdBCP60m24TWgq0=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RzAOSJczO9iZjZmeWmdlAWHLyB7zqH3gTr36JP+B3OEn2YBILGoqqbrq7goQzbVz32ymsrW9sbhW3Szu7e/sH5cOjppapotCgkkvVDogGzgQ0DDMc2okCEgccWsHwbuq3RqA0k+LRjBPwY9IXLGKUGCs1u6NQGt0rV9yqOwNeJV5OKihHvVf+6YaSpjEIQznRuuO5ifEzogyjHCalbqohIXRI+tCxVJAYtJ/Nrp3gM6uEOJLKljB4pv6dyEis9TgObGdMzEAve1PxP6+TmujGz5hIUgOCzhdFKcdG4unrOGQKqOFjSwhVzN6K6YAoQo0NaGFLBGMRJ5OSDcZbjmGVNC+q3lXVe7is1G7ziIroBJ2ic+Sha1RD96iOGoiiJ/SCXtGb8+y8Ox/O57y14OQzx2gBztcvGYOXxg==</latexit>...

<latexit sha1_base64="LLdw4p0VZc3JZr3dXf18Tygm/ds=">AAAB/nicbVDLSgNBEJz1GeMr6tHLYBA8hd0gmosQ8OIxonlAsoTZSW8yZGZ2mZkVliXgD3jVP/AmXv0Vf8DvcJLswSQWNBRV3XR3BTFn2rjut7O2vrG5tV3YKe7u7R8clo6OWzpKFIUmjXikOgHRwJmEpmGGQydWQETAoR2Mb6d++wmUZpF8NGkMviBDyUJGibHSg7yp9ktlt+LOgFeJl5MyytHol356g4gmAqShnGjd9dzY+BlRhlEOk2Iv0RATOiZD6FoqiQDtZ7NTJ/jcKgMcRsqWNHim/p3IiNA6FYHtFMSM9LI3Ff/zuokJa37GZJwYkHS+KEw4NhGe/o0HTAE1PLWEUMXsrZiOiCLU2HQWtoSQShFPijYYbzmGVdKqVryrind/Wa7X8ogK6BSdoQvkoWtUR3eogZqIoiF6Qa/ozXl23p0P53PeuubkMydoAc7XL/Nale8=</latexit>

n = 2
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Possible TM Production Processes

• HPS, electron beam on a thin foil, production through 1/3 photon 
processes.  Few hundred events 

Banburski and Schuster [1206.3961]
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• Eta decays at LHCb Vidal et al [1904.08458]

• Storied history: pion collisions, electron beams, photon beams, 
RHIC…


More recently:
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Fool’s Intersection Storage Ring
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FIG. 2: The “Fool’s ISR” configuration for e+e− → (µ+µ−)
for symmetric beam energies. The angle between the either
of the e± and dotted line (ẑ axis) is defined as θ.

mµ/me. However, while positronium of course has no
e+e− decay channels, (µ+µ−)[n3S1] → γ∗ → e+e− is al-
lowed and has a rate and precision spectroscopy sensitive
to vacuum polarization corrections via the timelike run-
ning coupling α(q2 >0).

Unlike the case of positronium, the (µ+µ−) con-
stituents themselves are unstable. However, the µ has an
exceptionally long lifetime by particle physics standards
(2.2 µs), meaning that (µ+µ−) annihilates long before
its constituents weakly decay, and thus true muonium is
unique as the heaviest metastable laboratory possible for
precision QED tests: (µ+µ−) has a lifetime of 0.602 ps
in the 1S0 state (decaying to γγ) [6, 7] and 1.81 ps in the
3S1 state (decaying to e+e−) [6].

In principle, the creation of true tauonium (τ+τ−) is
also possible; the corresponding 1S0 and 3S1 lifetimes are
35.8 fs and 107 fs, respectively, to be compared with the
free τ lifetime 291 fs (or half this for a system of two
τ ’s). One sees that the (τ+τ−) annihilation decay and
the weak decay of the constituent τ ’s actually compete,
making (τ+τ−) not a pure QED system like (e+e−).

Electron-positron colliders have reached exceptional
luminosity values, leading to the possibility of detect-
ing processes with very small branching fractions. The
original proposal by Moffat [15] suggested searching for
X-rays from (µ+µ−) Bohr transitions such as 2P →1S at
directions normal to the beam. However, the nS states
typically decay via annihilation to e+e− and γγ before
they can populate longer-lived states. Furthermore, the
production and rapid decay of a single neutral system
at rest or moving in the beam line would be difficult to
detect relative to the continuum QED backgrounds, due
to a preponderance of noninteracting beam particles and
synchrotron radiation.

In this letter we propose two distinct methods for pro-
ducing a moving true muonium atom in e+e− collisions.
In both methods the motion of the atom allows one to
observe a gap between the production point at the beam
crossing and its decay to e+e− or γγ final states. Fur-
thermore, each given lifetime is enhanced by a relativistic
dilation factor γ appropriate to the process.

In the first method, we utilize an e+e− collider in which
the atomic system produced in e+e− → γ∗ → (µ+µ−)

at s " 4m2
µ

carries momentum $p = $pe+ + $pe− #= 0.
The production point of the (µ+µ−) and its decay point
are thus spatially displaced along the beam direction.
Asymmetric e+e− colliders PEP-II and KEKB have been
utilized for the BaBar and Belle experiments. How-
ever, we propose configuring an e+e− collider to use
the “Fool’s Intersection Storage Ring” (FISR) discussed
by Bjorken [21] (Fig. 2) in which the e± beams are ar-
ranged to merge at a small angle 2θ (bisected by ẑ), so
that s = (pe+ + pe−)2 " 2E+E−(1 − cos 2θ) " 4m2

µ and
the atom moves with momentum pz = (E+ + E−) cos θ.
For example, for θ = 5◦ and equal-energy e± beams
E± = 1.212 GeV, the atom has lab-frame momentum
pz = 2.415 GeV and γ = Elab/2mµ = 11.5. One can
thus utilize symmetric or asymmetric beams in the GeV
range colliding at small angles to obtain the c.m. energy√

s " 2mµ for the production of true muonium.
The gap between the formation of the atom and its

decay as it propagates should be clearly detectable since
its path lies in neither beam pipe. The 33S1 state de-
cays with a 50 ps lifetime, so it moves 1.5 cm of proper
distance before decaying to e+e−, a length enhanced in
the lab frame by the γ factor (to 16.8 cm in the θ= 5◦

example). One thus can observe the appearance of e+e−

events with a θ-dependent set of lifetimes.
The cross section for continuum muon pair production

e+e−→µ+µ− just above threshold is the Born cross sec-
tion enhanced by the Sommerfeld-Schwinger-Sakharov
(SSS) threshold Coulomb resummation factor [19] S(β):

σ =
2πα2β

s

(

1 −
β2

3

)

S(β) , (1)

where

S(β) =
X(β)

1 − exp[−X(β)]
. (2)

Here β =
√

1 − 4m2
µ
/s is the velocity of either of the

µ± in their c.m. frame, and X(β)=πα
√

1 − β2/β. Thus
the factor of β due to phase space is cancelled by the
SSS factor, so that continuum production occurs even at
threshold where β = 0. For values of |β| of order α (as
in Bohr bound states), we see that the SSS factor effec-
tively replaces β with πα. Below threshold the entire set
of ortho-true muonium n3S1 C = −1 Bohr bound-state
resonances with n = 1, 2, · · · is produced, with weights
∼ 1/n3 and spaced with increasing density according to
the Bohr energies (

√
s)n " 2mµ−α2mµ/4n2. By duality,

the rates smeared over energies above and below thresh-
old should be indistinguishable [18]. Thus the total pro-
duction of bound states in e+e− → (µ+µ−) relative to
the e+e−→µ+µ− relativistic lepton pair rate is of order
R∼ 3

2
πα"0.03. However, in practice the production rate

is also reduced by the Bohr energy divided by the finite
width of the beam energies, since only collisions in the
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Muonium Production
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FIG. 2: The “Fool’s ISR” configuration for e+e− → (µ+µ−)
for symmetric beam energies. The angle between the either
of the e± and dotted line (ẑ axis) is defined as θ.

mµ/me. However, while positronium of course has no
e+e− decay channels, (µ+µ−)[n3S1] → γ∗ → e+e− is al-
lowed and has a rate and precision spectroscopy sensitive
to vacuum polarization corrections via the timelike run-
ning coupling α(q2 >0).

Unlike the case of positronium, the (µ+µ−) con-
stituents themselves are unstable. However, the µ has an
exceptionally long lifetime by particle physics standards
(2.2 µs), meaning that (µ+µ−) annihilates long before
its constituents weakly decay, and thus true muonium is
unique as the heaviest metastable laboratory possible for
precision QED tests: (µ+µ−) has a lifetime of 0.602 ps
in the 1S0 state (decaying to γγ) [6, 7] and 1.81 ps in the
3S1 state (decaying to e+e−) [6].

In principle, the creation of true tauonium (τ+τ−) is
also possible; the corresponding 1S0 and 3S1 lifetimes are
35.8 fs and 107 fs, respectively, to be compared with the
free τ lifetime 291 fs (or half this for a system of two
τ ’s). One sees that the (τ+τ−) annihilation decay and
the weak decay of the constituent τ ’s actually compete,
making (τ+τ−) not a pure QED system like (e+e−).

Electron-positron colliders have reached exceptional
luminosity values, leading to the possibility of detect-
ing processes with very small branching fractions. The
original proposal by Moffat [15] suggested searching for
X-rays from (µ+µ−) Bohr transitions such as 2P →1S at
directions normal to the beam. However, the nS states
typically decay via annihilation to e+e− and γγ before
they can populate longer-lived states. Furthermore, the
production and rapid decay of a single neutral system
at rest or moving in the beam line would be difficult to
detect relative to the continuum QED backgrounds, due
to a preponderance of noninteracting beam particles and
synchrotron radiation.

In this letter we propose two distinct methods for pro-
ducing a moving true muonium atom in e+e− collisions.
In both methods the motion of the atom allows one to
observe a gap between the production point at the beam
crossing and its decay to e+e− or γγ final states. Fur-
thermore, each given lifetime is enhanced by a relativistic
dilation factor γ appropriate to the process.

In the first method, we utilize an e+e− collider in which
the atomic system produced in e+e− → γ∗ → (µ+µ−)

at s " 4m2
µ

carries momentum $p = $pe+ + $pe− #= 0.
The production point of the (µ+µ−) and its decay point
are thus spatially displaced along the beam direction.
Asymmetric e+e− colliders PEP-II and KEKB have been
utilized for the BaBar and Belle experiments. How-
ever, we propose configuring an e+e− collider to use
the “Fool’s Intersection Storage Ring” (FISR) discussed
by Bjorken [21] (Fig. 2) in which the e± beams are ar-
ranged to merge at a small angle 2θ (bisected by ẑ), so
that s = (pe+ + pe−)2 " 2E+E−(1 − cos 2θ) " 4m2

µ and
the atom moves with momentum pz = (E+ + E−) cos θ.
For example, for θ = 5◦ and equal-energy e± beams
E± = 1.212 GeV, the atom has lab-frame momentum
pz = 2.415 GeV and γ = Elab/2mµ = 11.5. One can
thus utilize symmetric or asymmetric beams in the GeV
range colliding at small angles to obtain the c.m. energy√

s " 2mµ for the production of true muonium.
The gap between the formation of the atom and its

decay as it propagates should be clearly detectable since
its path lies in neither beam pipe. The 33S1 state de-
cays with a 50 ps lifetime, so it moves 1.5 cm of proper
distance before decaying to e+e−, a length enhanced in
the lab frame by the γ factor (to 16.8 cm in the θ= 5◦

example). One thus can observe the appearance of e+e−

events with a θ-dependent set of lifetimes.
The cross section for continuum muon pair production

e+e−→µ+µ− just above threshold is the Born cross sec-
tion enhanced by the Sommerfeld-Schwinger-Sakharov
(SSS) threshold Coulomb resummation factor [19] S(β):

σ =
2πα2β

s

(

1 −
β2

3

)

S(β) , (1)

where

S(β) =
X(β)

1 − exp[−X(β)]
. (2)

Here β =
√

1 − 4m2
µ
/s is the velocity of either of the

µ± in their c.m. frame, and X(β)=πα
√

1 − β2/β. Thus
the factor of β due to phase space is cancelled by the
SSS factor, so that continuum production occurs even at
threshold where β = 0. For values of |β| of order α (as
in Bohr bound states), we see that the SSS factor effec-
tively replaces β with πα. Below threshold the entire set
of ortho-true muonium n3S1 C = −1 Bohr bound-state
resonances with n = 1, 2, · · · is produced, with weights
∼ 1/n3 and spaced with increasing density according to
the Bohr energies (

√
s)n " 2mµ−α2mµ/4n2. By duality,

the rates smeared over energies above and below thresh-
old should be indistinguishable [18]. Thus the total pro-
duction of bound states in e+e− → (µ+µ−) relative to
the e+e−→µ+µ− relativistic lepton pair rate is of order
R∼ 3

2
πα"0.03. However, in practice the production rate

is also reduced by the Bohr energy divided by the finite
width of the beam energies, since only collisions in the
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Shiltsev - DIMUS Collider

Novosibirsk “Mu-Mu-Tron” Design
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Shiltsev - DIMUS Collider

Placement of the DIMUS Collider

05/27/202111

~12m x 6m



DIMUS Collider

For 75° crossing need beam energy of 408 MeV


Require high positron production rate 1011e+/s


Intra-beam scattering, beam lifetime, non-head-on collisions all 
leads to technical accelerator challenges…surmountable


FAST has SRF that can deliver 3x1014e-/s up to 300 MeV


Need second cryomodule, plenty of space



Figure 3. Schematics of two possible schemes of positron production, damping and injection for DIMUS.

process will originate at the interaction region. It is therefore imperative to achieve excellent spacial
resolution for the 4

+
4
� vertex reconstruction.

Figure 4. Schematic of a detector for the DIMUS collider. Silicon pixel detector is shown in green with
electromagnetic calorimeters illustrated by the blue boxes. Two silicon or gas detector layers shown in grey
provide extra tracking capabilities for precise directionality and linking of electron/positron tracks to the EM
clusters.

The size of the interaction region is expected to be approximately 300 microns along the
direction of the beam I. In order to contribute negligibly to the position resolution, a detector
capable of reconstructing 4

+
4
� vertex with precision of better than 100 `< along the beam is

– 5 –

DIMUS Collider
Positron production: convert e- on a Tungsten target, 2 possible 
configurations


Injection/extraction requires fast (4ns) kickers, similar to ones 
developed for ILC




Shiltsev - DIMUS Collider

DiMuonSpectroscopy (DiMuS) at NML : Opportunities

05/27/202114

• Excellent source of high energy electrons:
– eg 3000 bunches x 5 Hz x 2e10 = 3e14 e-/s
– at 1% conversion  	  3e12 e+/s

• DIMUS will probably need much less
– eg 200 bunches x 1 Hz x 2e10 = 4e12 e-/s
– at 1% conversion  	  4e10 e+/s

• Efficient linac – now upto 300 MeV
– DIMUS will need extra ~108 MeV  total of 408 MeV

• Infrastructure and expertise: 
– wide & (important) long tunnel, cryo, power, HCW, etc 
– knowledgeable people



Shiltsev - DIMUS Collider

DiMuS at NML : Summary

05/27/202115

• They can be created in e+e- collision with large 
longitudinal momentum (as they quickly decay)  
– e.g. 408 MeV/beam at 75o

• FAST/NML is perfectly suitable for DIMUS: 
– SRF accelerators, plenty of e-, wide/long tunnels
– potential for O(1e32) luminosity and ~0.5M dimuons 

per year
• Requires: 

– second SRF CM, positron production and 
accumulation system, collider rings, detector(s)



After production

If muonium transits material it can be destroyed
<latexit sha1_base64="fCeCt/p4VItolcE43r9VMwZJ7P8="></latexit>

�dissoc. ⇡ 13Z2barn

If muonium exposed to intense laser it can be put into P-state


If transits regions with strong B-field, level mixing can also populate 
other states


Spectroscopy: measure Lamb shift, hyperfine etc

Decay lifetimes and branching ratios



New Physics
Ongoing anomalies in muon sector: g-2, muonic Hydrogen, RK


New physics coupled to muons?

New forces can change size of muonium, altering production/
decay

<latexit sha1_base64="Xe6qRTNSRPQB3K1lB6DAvgL1mD4="></latexit>

(µ+µ�) ! �X
<latexit sha1_base64="690R1OJ2Np8WTWYvHg+HnfQMWVY="></latexit>

(µ+µ�) ! XX

<latexit sha1_base64="JCR7dzkQ09TuFCWktSWxcjC9+f4="></latexit>

X ! SM SM

<latexit sha1_base64="xBMLEYUct0Qqvo1erMd9voyd/0I="></latexit>

(µ+µ�) ! V ⇤
NP ! e+e�

and provide new decay channels

Strong constraints from other measurements

or change energy levels (spectroscopy)

2S-2P transition

Great probe of short distances, no nuclear effects to contend with 
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FIG. 5: TM branching ratio to BSM final states in Eqs. (C5)–
(C8) which are allowed by (g � 2)µ at the 5�.

to the TM branching fraction into pseudoscalars [85–
87]; see also a recent recast of PrimEx data [88, 89].
The expressions for NP contributions to �aµ are taken
from [87, 90, 91]. As we can see the maximal branching
ratios are typically below the 1% level and require high
precision TM measurements to exceed this sensitivity.

3. TM decay to hidden-sector particles

In this section, we calculate decay rates of TM to
hidden-sector particles � such as TM ! �̄�, where �
is a hidden-sector particle. This results from muon an-
nihilation via an s-channel mediator into the � particles.
This final state dominates when the mediator has a much
larger coupling to hidden sector particles than SM parti-
cles. These � particles could be invisible, or in turn decay
to lighter hidden-sector particles. We consider the same
mediators as in Section C 2 and assume thatmTM 6= mX ;
otherwise, we have to take into account mixing between
the states. We note that the SM rate of TM ! Z⇤ ! ⌫̄⌫
is completely negligible.

Let us assume for concreteness that � is a Dirac
fermion. The coupling to � has the same parity structure
as to SM leptons, e.g. we assume that a scalar couples to
�̄�, a pseudoscalar to �̄�5�, etc. Because the TM state
we are considering is a vector, the only contribution is
via decay through a vector state. Then, we have

BR(TM ! V ⇤ ! �̄�) =
g2V µg

2

V �

16⇡2↵2(1 � xV )2

⇥ (1 + 2x�)
p
1 � 4x� . (C9)

If we consider mV < mTM such that there is no sup-
pression of the V propagator and m� ⌧ mTM, we ob-
tain constraints on the coupling gV µ from (g � 2)µ. The
coupling to ⌫µ leads to constraints on neutrino trident
rates, so for a vector coupling these also constrain gV µ .

The maximal allowed value of BR(TM ! V ⇤ ! �̄�) by
(g � 2)µ for gV � = 4⇡ and m� = 0 is plotted in Fig. 5.
For mV ⌧ mTM, this gives a hidden-sector branching
fraction at the level of 2%. While this is likely too small
to be seen as a change in the TM lifetime or cross sec-
tion, it could be detectable if the � decays themselves
are visible, which is challenging. If mV = 160MeV, the
branching fraction is enhanced to ⇠ 10%. If the states
become much more degenerate than this, it is: (a) tuned;
(b) would require some careful treatment of the width
and mixing between the two states. This is especially
true if the coupling gV � is very large, because the width
would be large as well. If we instead take gV � = 1, then
the branching fraction is ⇠ 10�4 for mV = 0 and ⇠ 10�3

for mV = 170MeV.

4. Modifications to TM decay to e+e�

In this section, we consider s-channel contributions of
the mediator to the decay of TM ! e+e�. This is sim-
ilar to the decay from Section C 3, but we must include
interference with the contribution from the SM photon.
We obtain (in the limit me ⌧ mTM,mV )

�(TM ! e+e�) =
↵3

192⇡2(1 � xV )2

⇥ [gV µgV e + 4⇡↵(1 � xV )]
2 , (C10)

which appropriately reduces to the V -only or photon-
only results in the limits ↵ ! 0 and gV µ = gV e = 0,
respectively. For gV µ, gV e ⌧

p
4⇡↵, the dominant cor-

rection to the width from the SM value scales like

��

�
=

gV µgV e

2⇡↵(1 � xV )

����
xV ⌧1

. 2 ⇥ 10�5. (C11)

Note that we can apply this to a dark photon by simply
choosing gV e = gV µ = "

p
4⇡↵, where " is the kinetic

mixing of the dark photon.
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The “true muonium” (µ+µ−) and “true tauonium” (τ+τ−) bound states are not only the heaviest,
but also the most compact pure QED systems. The rapid weak decay of the τ makes the observation
of true tauonium difficult. However, as we show, the production and study of true muonium is
possible at modern electron-positron colliders.

PACS numbers: 36.10.Ee, 31.30.Jr, 13.66.De

The possibility of a µ+µ− bound state, denoted here
as (µ+µ−), was surely realized not long after the clarifi-
cation [1] of the leptonic nature of the muon, since the
first positronium calculations [2] and its observation [3]
occurred in the same era. The term “muonium” for the
µ+e− bound state and its first theoretical discussion ap-
peared in Ref. [4], and the state was discovered soon
thereafter [5]. However, the first detailed studies [6, 7]
of (µ+µ−) (alternately dubbed “true muonium” [7] and
“dimuonium” [8, 9]) only began as experimental advances
made its production tenable. Positronium, muonium, πµ
atoms [10], and more recently even dipositronium [the
(e+e−)(e+e−) molecule] [11] have been produced and
studied, but true muonium has not yet been produced.

The true muonium (µ+µ−) and true tauonium (τ+τ−)
[and the much more difficult to produce “mu-tauonium”
(µ±τ∓)] bound states are not only the heaviest, but also
the most compact pure QED systems [the (µ+µ−) Bohr
radius is 512 fm]. The relatively rapid weak decay of
the τ unfortunately makes the observation and study of
true tauonium more difficult, as quantified below. In the
case of true muonium the proposed production mecha-
nisms include π−p → (µ+µ−)n [6], γZ → (µ+µ−)Z [6],
eZ → e(µ+µ−)Z [12], Z1Z2 → Z1Z2(µ+µ−) [13] (where
Z indicates a heavy nucleus), direct µ+µ− collisions [7],
η→(µ+µ−)γ [14], and e+e−→(µ+µ−) [15]. In addition,
the properties of true muonium have been studied in a

TABLE I: True fermionium decay times and their ratios.

τ (n3S1 → e+e−) = 6!n3

α5mc2 , τ (n1S0 → γγ) = 2!n3

α5mc2 ,

τ (2P →1S) =
“

3
2

”8 2!

α5mc2 , τ (3S→2P ) =
“

5
2

”9 4!

3α5mc2 ,

τ (n3S1 → e+e−)
τ (n1S0 → γγ)

= 3 ,
τ (2P → 1S)

τ (n1S0 → γγ)
=

“

3
2

”8 1
n3 = 25.6

n3 ,

τ (3S → 2P )
τ (2P → 1S)

=
“

5
3

”9
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FIG. 1: True muonium level diagram (spacings not to scale).

number of papers [9, 16, 17].
The e+e−→ (µ+µ−) production mechanism is partic-

ularly interesting because it contains no hadrons, whose
concomitant decays would need to be disentangled in the
reconstruction process. If the beam energies of the col-
lider are set near threshold

√
s∼ 2mµ, the typical beam

spread is so large compared to bound-state energy level
spacings that every nS state is produced, with relative
probability ∼ 1/n3 [i.e., scaling with the (µ+µ−) squared
wave functions |ψn00(0)|2 at the interaction point, r =
0] and carrying the Bohr binding energy −mµα2/4n2.
The high-n states are so densely spaced that the to-
tal cross section is indistinguishable [18] from the rate
just above threshold, after including the Sommerfeld-
Schwinger-Sakharov (SSS) threshold enhancement fac-
tor [19] from Coulomb rescattering. As discussed below
[Eq. (2) and following], the SSS correction ∼ πα/β can-
cels the factor of β, the velocity of either of µ± in their
common center-of-momentum (c.m.) frame, that arises
from phase space.

The spectrum and decay channels for true muonium
are summarized in Fig. 1, using well-known quantum me-
chanical expressions [20] collected in Table I. In most
cases, the spectrum and decay widths of (µ+µ−) mimic
the spectrum of positronium scaled by the mass ratio

Muonic forces/contact interactions can alter energy levels: Lamb shift, 
hyperfine, 2P-2S, 2S-1S, etc

[Tucker-Smith, 
Yavin;PRD83 

2011]

2S-2P

QED prediction known to                   BSM ~100 MHz
<latexit sha1_base64="hiiERoKPJ4gX+CYNjfE/DENTuQA=">AAACGHicbVDJSgNBEO1xjXGLesylMQjxEmbE7Rj04s0IZoFMDDWdnqRJd8/Q3SOEIQd/wx/wqn/gTbx68wf8DjvLwSQ+KHi8V0VVvSDmTBvX/XaWlldW19YzG9nNre2d3dzefk1HiSK0SiIeqUYAmnImadUww2kjVhREwGk96F+P/PojVZpF8t4MYtoS0JUsZASMldq5vC/A9Ajw9HZYFG1fJNgHHvfg4ey4nSu4JXcMvEi8KSmgKSrt3I/fiUgiqDSEg9ZNz41NKwVlGOF0mPUTTWMgfejSpqUSBNWtdPzEEB9ZpYPDSNmSBo/VvxMpCK0HIrCdo5P1vDcS//OaiQkvWymTcWKoJJNFYcKxifAoEdxhihLDB5YAUczeikkPFBBjc5vZEtKBFPEwa4Px5mNYJLWTknde8u5OC+WraUQZlEeHqIg8dIHK6AZVUBUR9IRe0Ct6c56dd+fD+Zy0LjnTmQM0A+frF+TfoCo=</latexit>

O(mµ↵
5)

[Ji,Lamm; 1712.03429]



✦ Detector requirements can depend on the physics goals

✦ Can we observe True Muonium (TM) ? 

✦ Can we perform spectroscopy analysis of TM ?

✦ Are there exotic decays of TM we should look for?

✦ Can we do other physics with this setup?

Detection

• e+e-  TM  e+e-
• The primary background is Bhabha events
• For delta(Ee) ~10 keV, the signal x-section is ~5 nb 
• Bhabha ~ 22,000 nb —> S/B ~1/4,000

The Challenge:
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Tracker Considerations
✦ For Dimuonium: beta* gamma* ctau = 2 mm	 


✦ Interaction region spread ~300 microns

■ Detector resolution can be small (<100 microns)

■ Total vertex resolution <400 microns


✦ Requiring z > 2 mm would suppress Bhabba 
events

■ Prompt background free after the cut


✦ Extract 1S/2S/3S fractions from the vertex 
position


✦ Need a vertex detector:

■ Pixelated silicon 

★ – CMS Phase-0 had 100-150 micron pitch pixels and 

allowed z resolution of <100 microns in r-z and <30 
microns transverse plane. Good enough!


■ Drift chamber? Straw tracker?  



22

Calorimeter Considerations
✦ Electron/positron energy ~ 100 MeV


✦ Only few particles in the event – do not need 
fine segmentation, but do need good resolution 
and good coverage/acceptance


✦ A decently large crystal would contain the 
electron/positron and the right choice of crystal 
would give a lot of light

■ LYSO crystal read out by SiPM

■ PbWO4 cheaper but probably not bright enough

■ Plastic is not going to work 


✦ Precision timing desirable for further BG 
suppression and spectroscopy measurements?



23

Detector Sketch
✦ Vertex: Pixelated silicon vertex detector 

✦ LYSO calorimeter with excellent timing 

and energy resolution

✦ Directionality: Additional 2-3 tracking 

layers between the vertex detector and 
the calorimeter. Gas based (GEM) or 
silicon strips


✦ No magnetic field necessary

✦ Can probably achieve 50+% 

acceptance per track, 25% total. 

✦ 100k-0.5M signal events per year

✦ Integrated radiation dose small

✦ Devil is in the details…
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X-ray Photon Detection 
✦ Transition between the TM states happens with the 

emission of photons in the 100 eV – 10 KeV range. 

✦ Can you infer this from the energy resolution of the 

electron/positron?

■ deltaE/E ~ 10 keV/ 100 MeV <10-4 , very hard even at the higher end 

of the spectrum

✦  Direct detection of KeV photons 

■ Examples DEAR, SIDDHARTA experiments at DAFNE (kaon 

spectroscopy, ~6 KeV x-ray photons)

■ SDD a possibility. Beam backgrounds?


✦ What about Laser spectroscopy? 



•Dimuonium is a bound state of QED, never seen before!

•Provides a precision laboratory to test QED and muons

•Existing anomalies: g-2, proton radius, R_D, R_K

• FISR produces relativistic dimuonium in 3S1 states

•Proposal for DIMUS at NML/FAST, modest upgrades (eg 2nd 
cryo-module, fast kicker, positrons)


•Detection of TM in e+e- final state needs vertex detector, 
high resolution, good timing calorimeter


•Opportunity for detailed study of its properties — production 
rate, decays, transitions. Constraints on new physics.


Conclusions



•Dimuonium is a bound state of QED, never seen before!

•Provides a precision laboratory to test QED and muons

•Existing anomalies: g-2, proton radius, R_D, R_K

• FISR produces relativistic dimuonium in 3S1 states

•Proposal for DIMUS at NML/FAST, modest upgrades (eg 2nd 
cryo-module, fast kicker, positrons)


•Detection of TM in e+e- final state needs vertex detector, 
high resolution, good timing calorimeter


•Opportunity for detailed study of its properties — production 
rate, decays, transitions. Constraints on new physics.


Conclusions

Thank you!
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DIMUS: Proposal for a Dimuonium Spectroscopy Collider on Fermilab site.

Patrick J. Fox,1 Sergo Jindariani,1 and Vladimir Shiltsev1

1Fermi National Accelerator Laboratory, Batavia Illinois 60510-5011, USA
(Dated: June 2021)

I. INTRODUCTION

We discuss a low energy e+e− collider for production
of the not yet observed µ+µ− bound system (Dimuo-
nium or True Muonium) at the threshold

√
s = 211 MeV

- Dimuonium Spectroscopy collider (DIMUS) - on the
Fermilab site. This relatively small collider with elec-
tron and positron orbits intersecting at a 75o crossing
angle produces dimuonium with non-zero forward mo-
mentum. This shifts its decay point out of the beam
collision area and provides effective suppression of the
elastic e+e− scattering background. We present prelim-
inary considerations of the required accelerator complex
(full energy e+ and e− injectors and 23 m circumfer-
ence collider ring) based on existing high-flux electron
SRF accelerator complex at the NML (FAST facility)
at Fermilab and discuss its main parameters, as well as
discuss the requirements for efficient detection of the pro-
duced dimuonium. The main preliminary parameters of
the DIMUS at NML/FAST are listed in Table I. High
luminosity O(1032)cm−2s−1 allows detail studies of the
dimuonium system and may open a new window in the
search for beyond the standard model physics.

Beam energy 408 MeV
C.m.e.

√
s 211 MeV

C.m.e. spread 0.4 MeV
Crossing angle 75 deg.
Circumference 23 m
Beta-functions at IP (y, x) 20/0.2 cm
Bunch length 1.2 cm
Bunch spacing 1.9 ns
Beam sizes at IP (y, x) 0.7/130 µm
Number of bunches 40
Number of e+/e− per bunch 4·1010
Beam lifetime ≥ 30 sec
Max e+ production rate 4· 1010 e+/s
Peak luminosity 1.6 · 1032 cm−2s−1

TABLE I. Main parameters of the DIMUS collider at Fermi-
lab’s NML/FAST.

II. THEORY

While electromagnetically bound states are ubiquitous
in nature, so far the “smallest QED atom” [1] (µ+µ−)
has not yet been observed. By virtue of the larger re-
duced mass of the system (mµ/2) dimuonium has larger
sensitivity to beyond the standard model (BSM) effects

than its cousins positronium or muonium, both discov-
ered over 60 years ago [2, 3], while not suffering from
large QCD uncertainties.
The spectrum of the dimuon system can be found by

rescaling that of positronium, with the lowest bound
state appearing ∼ 1.4 keV below the two muon threshold.
The QED corrections to the leading order energy levels
are known to O(α5). The decays of the bound states re-
quire overlap of the muon wavefunctions and thus only
occur in " = 0 states. In addition to the positronium-like
decay to two photons dimuonium has an additional avail-
able decay mode to an electron-positron pair. Thus, the
decay lifetimes of the ortho and para states are more sim-
ilar than for positronium, where ortho-positronium must
decay to three photons. In Fig. 1 we show a schematic of
the energy levels and their decays/transitions. The en-
ergy levels are denoted as n2s+1"J and the lifetimes are
given by

τ(n3S1 → e+e−) = 3τ(n3S0 → γγ) =
6n3

α5mµ
, (1)

note that these decay times are appreciably shorter than
the muon lifetime and the muon can be treated as a stable
particle.
The DIMUS collider produces dimuons in any of the

n3S1 states, with relative rate scaling as n−3. Since
the beams cross with intersecting angle θ ≈ 75◦ the
bound states are produced with a boost, γ = tan θ,
which is critical to allow the dimuon system to move
away from the beam crossing region (and its associ-
ated prompt backgrounds) before decaying. The pro-
duction cross section is slightly Sommerfeld-enhanced
from the naive expectation due to the small relative mo-
tion, vrel. ∼ α, of the muons. For electron/positron
beams with an energy spread ∆Ee the ratio of bound
state production cross section to the Bhabha scatter-
ing background is σb.s./σBhabha ∼ 10−4(1MeV/∆Ee).
The expected number of dimuonia produced per year is
N(µ+µ−) ∼ 105(1MeV/∆Ee)(Lint/1039cm2).
Once a dimuonium state is produced it can be stud-

ied in detail, allowing for a precision test of QED and
a probe of BSM physics. Although produced only in S1

states it may be possible to populate a P state by pass-
ing the dimuonium through a strong magnetic field or mi-
crowave laser [1] allowing measurement of the Lamb shift
and other precision spectroscopic measurements. Fur-
thermore, by measuring decay times, production rates,
and searching for new decay modes bounds (or a discov-
ery) of BSM physics can be made. The ongoing anomalies
in the muon magnetic moment [4], the proton radius puz-
zle (see [5] and references therein), and the evidence of
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