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La física de partículas está descrita por el Modelo Estándar 
(SM). Sin embargo, existen diversas cuestiones que 
apuntan a que esta teoría no es definitiva, sino que hay 
ciertos aspectos, como la masa de los neutrinos, que 
todavía tienen que ser explicados. Una de estas cuestiones 
abiertas es el conocido como “problema de CP fuerte”. 
Teóricamente,  es posible tener un término que dé lugar a 
un momento dieléctrico para el neutrón (formado por un 
quark up y dos quarks down). Curiosamente, las medidas 
experimentales indican que este momento es mucho más 
pequeño de lo esperado, con un valor experimental de 

.   

Una posible solución se corresponde con introducir una simetría axial, conocida como 
Peccei-Quinn [1]. Tras la ruptura espontánea de esta simetría a una escala  (siguiendo 
un mecanismo similar al de Higgs), se genera una partícula pseudoescalar conocida como 
axión, cuya masa está relacionada con la escala de forma que . Si esta relación no 
se cumple, a la partícula con estas características se la conoce como ALP (del inglés axion-
like particle). 

En este trabajo proponemos un modelo en el que se predice una masa para el ALP del 
orden del GeV en una amplia región del espacio de parámetros, debido a la presencia de 
términos que rompen de manera explícita la simetría de Peccei-Quinn en el sector 
leptónico (al que pertenecen los electrones). Para ello, nos basamos en el trabajo de [2], y 
ampliamos el espectro de partículas mediante la inclusión de un singlete escalar complejo, 
que dará lugar al ALP. Proponer una solución para las masas de los neutrinos, así como 
para el momento magnético anómalo del muon motiva este modelo. Los acoplos del ALP 
generado aquí con el resto de fermiones (quarks y leptones) adoptan valores a lo largo de 
varios órdenes de magnitud, lo cual es una característica específica de este modelo. 
Además, el rango de energías favorecido por este modelo hace que pueda ser testado en 
colisionadores. 

Referencias  
[1] R. D. Peccei and H. R. Quinn, CP Conservation in the Presence of Instantons, Phys. Rev. Lett. 38 
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[Extracted from Ciaran O'Hare, https://cajohare.github.io/AxionLimits/ ]
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From theory (UV) to experiment (IR)

User input

Running + matching

Experimental signature analysis

[M. Bauer, M. Neubert, S. Renner, M. Schnubel, A.Thamm, 
JHEP 04 (2021) 063]

[M. Bauer, M. Neubert, S. Renner, M. Schnubel, A.Thamm, PRL 127 no.8 
(2021) 081803]
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!

<latexit sha1_base64="woNtkDYlexorozGMri+KTuTR+I0=">AAACFHicbVBLS8NAGNzUV62vqEcvi0XwEEoiUj0WPeixgn1gE8Jmu2mX7iZhdyOUkL+hf0ZPol7Eu//GbRtEW+c0880s7EyQMCqVbX8ZpaXlldW18nplY3Nre8fc3WvLOBWYtHDMYtENkCSMRqSlqGKkmwiCeMBIJxhdTvzOPRGSxtGtGifE42gQ0ZBipPTJNx3sX1muBbHvDhDnyIKuhf1sJuBdXugf0sl9s2rX7CngInEKUgUFmr754fZjnHISKcyQlD3HTpSXIaEoZiSvuKkkCcIjNCA9TSPEifSyabUcHoWxgGpI4FT/zmaISznmgc5wpIZy3psc//N6qQrPvYxGSapIhHVEe2HKoIrhZCHYp4JgxcaaICyo/iXEQyQQVnrHiq7vzJddJO2TmlOv1W9Oq42LYogyOACH4Bg44Aw0wDVoghbA4BE8gzfwbjwYT8aL8TqLlozizT74A+PzG0KlnGc=</latexit>cG, cω , cωZ , cZ , cW

<latexit sha1_base64="QFPKhYQXQh9AQ4grrFYTGUiFOyI=">AAAB8nicbZDNSsNAFIUn9a/Wn0ZduhksgotSEpHqsuhClxXsDzQhTKaTduhMEmZuhBL6IroSdeej+AK+jdOahbae1Tf3nIF7bpgKrsFxvqzS2vrG5lZ5u7Kzu7dftQ8OuzrJFGUdmohE9UOimeAx6wAHwfqpYkSGgvXCyc3c7z0ypXkSP8A0Zb4ko5hHnBIwo8Cu0uC27tUxDbwRkZIEds1pOAvhVXALqKFC7cD+9IYJzSSLgQqi9cB1UvBzooBTwWYVL9MsJXRCRmxgMCaSaT9fLD7Dp1GiMIwZXrx/Z3MitZ7K0GQkgbFe9ubD/7xBBtGVn/M4zYDF1ESMF2UCQ4Ln/fGQK0ZBTA0QqrjZEtMxUYSCuVLF1HeXy65C97zhNhvN+4ta67o4RBkdoxN0hlx0iVroDrVRB1GUoWf0ht4tsJ6sF+v1J1qyij9H6I+sj287hI/f</latexit>cG, cω

<latexit sha1_base64="zL9FnVVYp0wHHk5MVqz+LvfvfUo=">AAACBHicbVC9TsMwGHTKXyl/AUYWQ4XEUFUJQoWxgoWBoSDaIjVR5LhOY9VOIttBqqKs8DIwIWDjCXgB3gY3ZICWk4f7vrtP8p2fMCqVZX0ZlYXFpeWV6mptbX1jc8vc3unJOBWYdHHMYnHnI0kYjUhXUcXIXSII4j4jfX98MdX790RIGke3apIQl6NRRAOKkdIrz9x3QqQynjecRsFw7l01oKNfOd14Zt1qWgXgPLFLUgclOp756QxjnHISKcyQlAPbSpSbIaEoZiSvOakkCcJjNCIDTSPEiXSzIkoOD4NYQBUSWMy/vRniUk64rz0cqVDOatPlf9ogVcGZm9EoSRWJsLZoLUgZVDGcNgKHVBCs2EQThAXVv4Q4RAJhpXur6fj2bNh50jtu2q1m6/qk3j4vi6iCPXAAjoANTkEbXIIO6AIMHsEzeAPvxoPxZLwYrz/WilHe7II/MD6+Ac7Cl38=</latexit>

m̂, ĉL, ĉR
<latexit sha1_base64="zOGrRtJOQ9CdDvVvHz341NxeHZg=">AAACDXicbVDLSsNAFJ34rPVVdelmsAgipSQi6kaounGpYKvQ1DAZb9rBmSTM3Igl9Bv0Z3Ql6s6NP+DfOK1Z+Dqbe+49Z2DOCVMpDLruhzM2PjE5NV2aKc/OzS8sVpaWWybJNIcmT2SiL0JmQIoYmihQwkWqgalQwnl4fTTUz29AG5HEZ9hPoaNYNxaR4AztKahs8sDvMqVYza/xILpsFfOgRqN9H+EWcwkpJrEZBJWqW3dHoH+JV5AqKXASVN79q4RnCmLkkhnT9twUOznTKLiEQdnPDKSMX7MutC2NmQLTyUeZBnQ9SjTFHtDR/t2bM2VMX4XWoxj2zG9tePxPa2cY7XVyEacZQsytxWpRJikmdFgNvRIaOMq+JYxrYX9JeY9pxtEWWLbxvd9h/5LWVt3bqe+cblcbh0URJbJK1sgG8cguaZBjckKahJN78kheyKtz5zw4T87zl3XMKd6skB9w3j4BdnmbKA==</latexit>

cω , c
V
f , c

A
f , f = leptons

<latexit sha1_base64="a9m1lwZ1YYohJBnqdNsLKoB/dSc=">AAAB83icbVDLTgJBEJzFF+Jr1aOXicTEE9k1Bj0SvXjwgIk8EtiQ2aEXJsw+MtOLkg1foiej3vwTf8C/ccA9KFin6q7qTnf5iRQaHefLKqysrq1vFDdLW9s7u3v2/kFTx6ni0OCxjFXbZxqkiKCBAiW0EwUs9CW0/NH1TG+NQWkRR/c4ScAL2SASgeAMTatn212ER8xu4weqOZMw7dllp+LMQZeJm5MyyVHv2Z/dfszTECLkkmndcZ0EvYwpFNzsK3VTDQnjIzaAjqERC0F72fzyKT0JYkVxCHRe//ZmLNR6EvrGEzIc6kVt1vxP66QYXHqZiJIUIeLGYrQglRRjOguA9oUCjnJiCONKmCspHzLFOJqYSuZ9d/HZZdI8q7jVSvXuvFy7yoMokiNyTE6JSy5IjdyQOmkQTsbkmbyRdyu1nqwX6/XHWrDymUPyB9bHN52OkV4=</latexit>

Low scale

<latexit sha1_base64="8wBMpSVhCxe7emoOD08b51OFkhU=">AAAB9HicbVDLTgJBEJzFF+Jr0aOXicTEE9k1Bj0SjIlHjPJIYENmhwYmzD4y04uSDX+iJ6Pe/BJ/wL9xwD0oWqfqrupOd/mxFBod59PKrayurW/kNwtb2zu7e3Zxv6mjRHFo8EhGqu0zDVKE0ECBEtqxAhb4Elr++HKutyagtIjCO5zG4AVsGIqB4AxNq2cXuwgPmF61bmtUcyZh1rNLTtlZgP4lbkZKJEO9Z390+xFPAgiRS6Z1x3Vi9FKmUHCzr9BNNMSMj9kQOoaGLADtpYvTZ/R4ECmKI6CL+qc3ZYHW08A3noDhSC9r8+Z/WifBwYWXijBOEEJuLEYbJJJiROcJ0L5QwFFODWFcCXMl5SOmGEeTU8G87y4/+5c0T8tupVy5OStVa1kQeXJIjsgJcck5qZJrUicNwsk9eSKv5M2aWI/Ws/Xybc1Z2cwB+QXr/QvEiZFn</latexit>

EWSB scale

<latexit sha1_base64="4/OUvqlgKMbh6zuEtwFsYsPWSQM=">AAAB9HicbVDLTgJBEJz1ifha9OhlIjHxRHaNQY9ELxwxkUcCGzI7NOyE2UdmelGy4U/0ZNSbX+IP+DcOuAcF61TdVd3pLj+RQqPjfFlr6xubW9uFneLu3v7BoV06auk4VRyaPJax6vhMgxQRNFGghE6igIW+hLY/vp3r7QkoLeLoHqcJeCEbRWIoOEPT6tulHsIjZnUxCqjmTMKsb5edirMAXSVuTsokR6Nvf/YGMU9DiJBLpnXXdRL0MqZQcLOv2Es1JIyP2Qi6hkYsBO1li9Nn9GwYK4oB0EX925uxUOtp6BtPyDDQy9q8+Z/WTXF47WUiSlKEiBuL0YappBjTeQJ0IBRwlFNDGFfCXEl5wBTjaHIqmvfd5WdXSeui4lYr1bvLcu0mD6JATsgpOScuuSI1UicN0iScPJBn8kberYn1ZL1Yrz/WNSufOSZ/YH18AzzkkbY=</latexit>

High scale
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<latexit sha1_base64="GaevgHVIoISIAGo2LkoERLgmQ54=">AAAB5HicbZDNTgIxFIXv4B/iH+rSTSMxcUVmjAGXRDcuMcpPAhPSKXegoZ2ZtB0TMuENdGXUnU/kC/g2FpyFgmf19Z7T5J4bJIJr47pfTmFtfWNzq7hd2tnd2z8oHx61dZwqhi0Wi1h1A6pR8AhbhhuB3UQhlYHATjC5mfudR1Sax9GDmSboSzqKeMgZNXZ035fpoFxxq+5CZBW8HCqQqzkof/aHMUslRoYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZzGiErWfLVadkbMwVsSMkSzev7MZlVpPZWAzkpqxXvbmw/+8XmrCKz/jUZIajJiNWC9MBTExmTcmQ66QGTG1QJnidkvCxlRRZuxdSra+t1x2FdoXVa9Wrd1dVhrX+SGKcAKncA4e1KEBt9CEFjAYwTO8wbsTOk/Oi/P6Ey04+Z9j+CPn4xtRQIt2</latexit>µ

<latexit sha1_base64="sAOyXOLXFOidE93fVxWoDrI9m+4=">AAAB7HicbZDNSsNAFIUn9a/Wv6pLN8EiuCqJSHVZKoLLivYH0lAm05t26GQSZm7EEvoWuhJ159P4Ar6N05qFtp7VN/ecgXtukAiu0XG+rMLK6tr6RnGztLW9s7tX3j9o6zhVDFosFrHqBlSD4BJayFFAN1FAo0BAJxhfzfzOAyjNY3mPkwT8iA4lDzmjaEZeD+ERs+vOXWPaL1ecqjOXvQxuDhWSq9kvf/YGMUsjkMgE1dpznQT9jCrkTMC01Es1JJSN6RA8g5JGoP1svvLUPgljZeMI7Pn7dzajkdaTKDCZiOJIL3qz4X+el2J46WdcJimCZCZivDAVNsb2rLk94AoYiokByhQ3W9psRBVlaO5TMvXdxbLL0D6rurVq7fa8Um/khyiSI3JMTolLLkid3JAmaRFGYvJM3si7Ja0n68V6/YkWrPzPIfkj6+MbGeGO0g==</latexit>

EWSB

<latexit sha1_base64="5DBkViZdf2GTjuDKZqDt3liQjro=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgQcKuSPQY4kGPEcwDkiXMTnqTIbMPZ2aFsOQ39CTqzY/xB/wbZ+MeNLEOTXVXNXS1FwuutG1/WYWV1bX1jeJmaWt7Z3evvH/QVlEiGbZYJCLZ9ahCwUNsaa4FdmOJNPAEdrzJdaZ3HlEqHoX3ehqjG9BRyH3OqDYjlw1uzggbNLLSGZQrdtWegywTJycVyNEclD/7w4glAYaaCapUz7Fj7aZUas4Ezkr9RGFM2YSOsGdoSANUbjo/ekZO/EgSPUYy7397UxooNQ084wmoHqtFLRv+p/US7V+5KQ/jRGPIjMVofiKIjkiWnQy5RKbF1BDKJDdXEjamkjJtPlQy8Z3FsMukfV51atXa3UWl3sgfUYQjOIZTcOAS6nALTWgBgwd4hjd4t2LryXqxXn+sBSvfOYQ/sD6+AZMNjlo=</latexit>cG, cB , cW
<latexit sha1_base64="+Ozq43r3qAn+RTlXvi6mZ0TL6jg=">AAAB93icbZDLSsNAFIYn9VbrLV52bgaL4CKURKS6EYpuXFawF2hCmExP2qGTizMToYY+i65E3fkevoBv47Rmoa3/6pvz/wPn/EHKmVS2/WWUlpZXVtfK65WNza3tHXN3ry2TTFBo0YQnohsQCZzF0FJMceimAkgUcOgEo+up33kAIVkS36lxCl5EBjELGSVKj3zzgPrMwuzSze+tzOpb3AJ34ptVu2bPhBfBKaCKCjV989PtJzSLIFaUEyl7jp0qLydCMcphUnEzCSmhIzKAnsaYRCC9fLb9BB+HicBqCHj2/p3NSSTlOAp0JiJqKOe96fA/r5ep8MLLWZxmCmKqI9oLM45Vgqcl4D4TQBUfayBUML0lpkMiCFW6qoo+35k/dhHapzWnXqvfnlUbV0URZXSIjtAJctA5aqAb1EQtRNEjekZv6N0YG0/Gi/H6Ey0ZxZ999EfGxzd2JJGr</latexit>

ci, i = {q, u, d, l, e}

<latexit sha1_base64="2E+EUbHU6trSqgum6sfes+coJ7g=">AAACAnicbVDLSsNAFJ3UV62vqEsXDhbBRSmJSHUjFN24cFHBPqCpYTK9bYdOJmFmIpSQnf6MrkTd+Qn+gH/jtHahrWd17j3nwj0niDlT2nG+rNzC4tLySn61sLa+sbllb+80VJRICnUa8Ui2AqKAMwF1zTSHViyBhAGHZjC8HOvNe5CKReJWj2LohKQvWI9Ros3Kt/fpnRdLFoKfMv86K2F27qVJqVuCkicSL/PtolN2JsDzxJ2SIpqi5tufXjeiSQhCU06UartOrDspkZpRDlnBSxTEhA5JH9qGChKC6qSTIBk+7EUS6wHgyfzbm5JQqVEYGE9I9EDNauPlf1o70b2zTspEnGgQ1FiM1ks41hEe94G7TALVfGQIoZKZLzEdEEmoNq0VTHx3Nuw8aRyX3Uq5cnNSrF5Mi8ijPXSAjpCLTlEVXaEaqiOKHtEzekPv1oP1ZL1Yrz/WnDW92UV/YH18A33tlsk=</latexit>

c→iL , i = {u, d, e, ω}
<latexit sha1_base64="t0Y57MFZTCkGsL0pV5JWb1dfjLI=">AAAB/nicbVDLSsNAFJ3UV62vqMtuBovgopREpLoRim5cVrEPaGKYTG/baScPZiZCCQH9GV2JuvMj/AH/xmntQlvP6tx7zoV7jh9zJpVlfRm5peWV1bX8emFjc2t7x9zda8ooERQaNOKRaPtEAmchNBRTHNqxABL4HFr+6HKit+5BSBaFt2ocgxuQfsh6jBKlV55ZpHdOLFgAXjr0brIyHp47aVLulsHJPLNkVawp8CKxZ6SEZqh75qfTjWgSQKgoJ1J2bCtWbkqEYpRDVnASCTGhI9KHjqYhCUC66TREhg97kcBqAHg6//amJJByHPjaExA1kPPaZPmf1klU78xNWRgnCkKqLVrrJRyrCE+6wF0mgCo+1oRQwfSXmA6IIFTpxgo6vj0fdpE0jyt2tVK9PinVLmZF5FERHaAjZKNTVENXqI4aiKJH9Ize0LvxYDwZL8brjzVnzG720R8YH9+vFJU+</latexit>

c→jR , j = {u, d, e}

<latexit sha1_base64="KBBTDqH9qWx1Y6zEhQRUnVxe3r4=">AAAB9XicbZDLTgIxFIY7eEO8jbh000hMXJEZYtAl0YUuMZFLwhDSKQdo6FzSnlHIhEfRlVF3vogv4NtYcBYK/quv5/+bnPP7sRQaHefLyq2tb2xu5bcLO7t7+wf2YbGpo0RxaPBIRqrtMw1ShNBAgRLasQIW+BJa/vh67rceQGkRhfc4jaEbsGEoBoIzNKOeXfS0CGiFeggTTOkNNGc9u+SUnYXoKrgZlEimes/+9PoRTwIIkUumdcd1YuymTKHgEmYFL9EQMz5mQ+gYDFkAupsudp/R00GkKI6ALt6/sykLtJ4GvskEDEd62ZsP//M6CQ4uu6kI4wQh5CZivEEiKUZ0XgHtCwUc5dQA40qYLSkfMcU4mqIK5nx3+dhVaFbKbrVcvTsv1a6yIvLkmJyQM+KSC1Ijt6ROGoSTCXkmb+TderSerBfr9Seas7I/R+SPrI9vumKRUQ==</latexit>

→ 2 GeV
<latexit sha1_base64="THJ4Q+rbfpXA+TKoCxmVQORmc00=">AAAB73icbZDLTsMwEEUdnqW8CizZWFRIbKgShArLCjYsi9SX1ITKcSeNVeeBPUFUUb8DVgjY8S/8AH+DW7qAlrs6nnstzR0/lUKjbX9ZS8srq2vrhY3i5tb2zm5pb7+lk0xxaPJEJqrjMw1SxNBEgRI6qQIW+RLa/vB64rcfQGmRxA0cpeBFbBCLQHCGZnTn8lC4CI+Yn9Yb416pbFfsqegiODMok5nqvdKn2094FkGMXDKtu46dopczhYJLGBfdTEPK+JANoGswZhFoL59uPabHQaIohkCn79/ZnEVajyLfZCKGoZ73JsP/vG6GwaWXizjNEGJuIsYLMkkxoZPytC8UcJQjA4wrYbakPGSKcTQnKpr6znzZRWidVZxqpXp7Xq5dzQ5RIIfkiJwQh1yQGrkhddIknCjyTN7Iu3VvPVkv1utPdMma/Tkgf2R9fANcO5Ag</latexit>

ω-PT

<latexit sha1_base64="yaQfONEYFKfeNCJJEdDPwCX4iCg=">AAAB5HicbZDNTsJAFIVv8Q/xD3XpppGYuCKtMeiS6MYlRhESaMh0uIUJM20zc2tCCG+gK6PufCJfwLdxwC4UPKtv7jmT3HPDVApDnvflFFZW19Y3ipulre2d3b3y/sGDSTLNsckTmeh2yAxKEWOTBElspxqZCiW2wtH1zG89ojYiie9pnGKg2CAWkeCM7OhO9ahXrnhVby53GfwcKpCr0St/dvsJzxTGxCUzpuN7KQUTpklwidNSNzOYMj5iA+xYjJlCE0zmq07dkyjRLg3Rnb9/ZydMGTNWoc0oRkOz6M2G/3mdjKLLYCLiNCOMuY1YL8qkS4k7a+z2hUZOcmyBcS3sli4fMs042buUbH1/sewyPJxV/Vq1dnteqV/lhyjCERzDKfhwAXW4gQY0gcMAnuEN3p3IeXJenNefaMHJ/xzCHzkf31RQi3g=</latexit>mt

<latexit sha1_base64="GbcWKiXCdDpU5ruB1HMiUvexloI=">AAAB6nicbZDNTsJAFIWn+If4h7p0M5GYuCKtMeiS6MYlJhYw0JDpcIEJM20zc2skDS+hK6PufBxfwLdxwC4UPKtv7jmT3HPDRAqDrvvlFFZW19Y3ipulre2d3b3y/kHTxKnm4PNYxrodMgNSROCjQAntRANToYRWOL6e+a0H0EbE0R1OEggUG0ZiIDhDO7rvIjxi5jenvXLFrbpz0WXwcqiQXI1e+bPbj3mqIEIumTEdz00wyJhGwSVMS93UQML4mA2hYzFiCkyQzRee0pNBrCmOgM7fv7MZU8ZMVGgziuHILHqz4X9eJ8XBZZCJKEkRIm4j1hukkmJMZ71pX2jgKCcWGNfCbkn5iGnG0V6nZOt7i2WXoXlW9WrV2u15pX6VH6JIjsgxOSUeuSB1ckMaxCecKPJM3si7I50n58V5/YkWnPzPIfkj5+MbAMeOOA==</latexit>

UV

<latexit sha1_base64="d29OifbNgjlKRkq+ER9iWQ8ZWTg=">AAAB93icbVDJTsMwEHVYS9nCcuNiUSFxqKoEocKxwIVjkegitSFy3Elr1VmwHaQQ9VvghIAb/8EP8Dc4JQdoeYfRm3lvpJnnxZxJZVlfxsLi0vLKammtvL6xubVt7uy2ZZQICi0a8Uh0PSKBsxBaiikO3VgACTwOHW98leudBxCSReGtSmNwAjIMmc8oUXrkmvvU9e/a1bxeVLHfD+EeK9esWDVrCjxP7IJUUIGma372BxFNAggV5UTKnm3FysmIUIxymJT7iYSY0DEZQk/TkAQgnWx6/QQf+ZHAagR42v/2ZiSQMg087QmIGslZLR/+p/US5Z87GQvjREFItUVrfsKxinAeAh4wAVTxVBNCBdNXYjoiglCloyrr9+3ZZ+dJ+6Rm12v1m9NK47IIooQO0CE6RjY6Qw10jZqohSh6RM/oDb0bqfFkvBivP9YFo9jZQ39gfHwDpESRyA==</latexit>

cVf , c
A
f , f →= t

<latexit sha1_base64="HSGGsxGnV1MLE5F1pz0oW47iE8U=">AAAB6HicbZC9TsMwFIVvyl8pfwVGFosKialKECqMFSwMDEWiP1IbVY5705o6TmQ7SFXUd4AJARvPwwvwNrglA7Sc6fiez9I9N0gE18Z1v5zCyura+kZxs7S1vbO7V94/aOk4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfD3L24+oNI/lvZkk6Ed0KHnIGTV21O7dWnRA++WKW3XnIsvGy00FcjX65c/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdq2VNELtZ/N1p+QkjBUxIyTz9282o5HWkyiwTETNSC9ms+F/WTc14aWfcZmkBiWziM3CVBATk1lrMuAKmRETayhT3G5J2Igqyoy9TcnW9xbLLpvWWdWrVWt355X6VX6IIhzBMZyCBxdQhxtoQBMYjOEZ3uDdeXCenBfn9QctOPmfQ/gj5+Mb9yaM/Q==</latexit>

!

<latexit sha1_base64="woNtkDYlexorozGMri+KTuTR+I0=">AAACFHicbVBLS8NAGNzUV62vqEcvi0XwEEoiUj0WPeixgn1gE8Jmu2mX7iZhdyOUkL+hf0ZPol7Eu//GbRtEW+c0880s7EyQMCqVbX8ZpaXlldW18nplY3Nre8fc3WvLOBWYtHDMYtENkCSMRqSlqGKkmwiCeMBIJxhdTvzOPRGSxtGtGifE42gQ0ZBipPTJNx3sX1muBbHvDhDnyIKuhf1sJuBdXugf0sl9s2rX7CngInEKUgUFmr754fZjnHISKcyQlD3HTpSXIaEoZiSvuKkkCcIjNCA9TSPEifSyabUcHoWxgGpI4FT/zmaISznmgc5wpIZy3psc//N6qQrPvYxGSapIhHVEe2HKoIrhZCHYp4JgxcaaICyo/iXEQyQQVnrHiq7vzJddJO2TmlOv1W9Oq42LYogyOACH4Bg44Aw0wDVoghbA4BE8gzfwbjwYT8aL8TqLlozizT74A+PzG0KlnGc=</latexit>cG, cω , cωZ , cZ , cW

<latexit sha1_base64="QFPKhYQXQh9AQ4grrFYTGUiFOyI=">AAAB8nicbZDNSsNAFIUn9a/Wn0ZduhksgotSEpHqsuhClxXsDzQhTKaTduhMEmZuhBL6IroSdeej+AK+jdOahbae1Tf3nIF7bpgKrsFxvqzS2vrG5lZ5u7Kzu7dftQ8OuzrJFGUdmohE9UOimeAx6wAHwfqpYkSGgvXCyc3c7z0ypXkSP8A0Zb4ko5hHnBIwo8Cu0uC27tUxDbwRkZIEds1pOAvhVXALqKFC7cD+9IYJzSSLgQqi9cB1UvBzooBTwWYVL9MsJXRCRmxgMCaSaT9fLD7Dp1GiMIwZXrx/Z3MitZ7K0GQkgbFe9ubD/7xBBtGVn/M4zYDF1ESMF2UCQ4Ln/fGQK0ZBTA0QqrjZEtMxUYSCuVLF1HeXy65C97zhNhvN+4ta67o4RBkdoxN0hlx0iVroDrVRB1GUoWf0ht4tsJ6sF+v1J1qyij9H6I+sj287hI/f</latexit>cG, cω

<latexit sha1_base64="zL9FnVVYp0wHHk5MVqz+LvfvfUo=">AAACBHicbVC9TsMwGHTKXyl/AUYWQ4XEUFUJQoWxgoWBoSDaIjVR5LhOY9VOIttBqqKs8DIwIWDjCXgB3gY3ZICWk4f7vrtP8p2fMCqVZX0ZlYXFpeWV6mptbX1jc8vc3unJOBWYdHHMYnHnI0kYjUhXUcXIXSII4j4jfX98MdX790RIGke3apIQl6NRRAOKkdIrz9x3QqQynjecRsFw7l01oKNfOd14Zt1qWgXgPLFLUgclOp756QxjnHISKcyQlAPbSpSbIaEoZiSvOakkCcJjNCIDTSPEiXSzIkoOD4NYQBUSWMy/vRniUk64rz0cqVDOatPlf9ogVcGZm9EoSRWJsLZoLUgZVDGcNgKHVBCs2EQThAXVv4Q4RAJhpXur6fj2bNh50jtu2q1m6/qk3j4vi6iCPXAAjoANTkEbXIIO6AIMHsEzeAPvxoPxZLwYrz/WilHe7II/MD6+Ac7Cl38=</latexit>

m̂, ĉL, ĉR
<latexit sha1_base64="zOGrRtJOQ9CdDvVvHz341NxeHZg=">AAACDXicbVDLSsNAFJ34rPVVdelmsAgipSQi6kaounGpYKvQ1DAZb9rBmSTM3Igl9Bv0Z3Ql6s6NP+DfOK1Z+Dqbe+49Z2DOCVMpDLruhzM2PjE5NV2aKc/OzS8sVpaWWybJNIcmT2SiL0JmQIoYmihQwkWqgalQwnl4fTTUz29AG5HEZ9hPoaNYNxaR4AztKahs8sDvMqVYza/xILpsFfOgRqN9H+EWcwkpJrEZBJWqW3dHoH+JV5AqKXASVN79q4RnCmLkkhnT9twUOznTKLiEQdnPDKSMX7MutC2NmQLTyUeZBnQ9SjTFHtDR/t2bM2VMX4XWoxj2zG9tePxPa2cY7XVyEacZQsytxWpRJikmdFgNvRIaOMq+JYxrYX9JeY9pxtEWWLbxvd9h/5LWVt3bqe+cblcbh0URJbJK1sgG8cguaZBjckKahJN78kheyKtz5zw4T87zl3XMKd6skB9w3j4BdnmbKA==</latexit>

cω , c
V
f , c

A
f , f = leptons

<latexit sha1_base64="a9m1lwZ1YYohJBnqdNsLKoB/dSc=">AAAB83icbVDLTgJBEJzFF+Jr1aOXicTEE9k1Bj0SvXjwgIk8EtiQ2aEXJsw+MtOLkg1foiej3vwTf8C/ccA9KFin6q7qTnf5iRQaHefLKqysrq1vFDdLW9s7u3v2/kFTx6ni0OCxjFXbZxqkiKCBAiW0EwUs9CW0/NH1TG+NQWkRR/c4ScAL2SASgeAMTatn212ER8xu4weqOZMw7dllp+LMQZeJm5MyyVHv2Z/dfszTECLkkmndcZ0EvYwpFNzsK3VTDQnjIzaAjqERC0F72fzyKT0JYkVxCHRe//ZmLNR6EvrGEzIc6kVt1vxP66QYXHqZiJIUIeLGYrQglRRjOguA9oUCjnJiCONKmCspHzLFOJqYSuZ9d/HZZdI8q7jVSvXuvFy7yoMokiNyTE6JSy5IjdyQOmkQTsbkmbyRdyu1nqwX6/XHWrDymUPyB9bHN52OkV4=</latexit>

Low scale

<latexit sha1_base64="8wBMpSVhCxe7emoOD08b51OFkhU=">AAAB9HicbVDLTgJBEJzFF+Jr0aOXicTEE9k1Bj0SjIlHjPJIYENmhwYmzD4y04uSDX+iJ6Pe/BJ/wL9xwD0oWqfqrupOd/mxFBod59PKrayurW/kNwtb2zu7e3Zxv6mjRHFo8EhGqu0zDVKE0ECBEtqxAhb4Elr++HKutyagtIjCO5zG4AVsGIqB4AxNq2cXuwgPmF61bmtUcyZh1rNLTtlZgP4lbkZKJEO9Z390+xFPAgiRS6Z1x3Vi9FKmUHCzr9BNNMSMj9kQOoaGLADtpYvTZ/R4ECmKI6CL+qc3ZYHW08A3noDhSC9r8+Z/WifBwYWXijBOEEJuLEYbJJJiROcJ0L5QwFFODWFcCXMl5SOmGEeTU8G87y4/+5c0T8tupVy5OStVa1kQeXJIjsgJcck5qZJrUicNwsk9eSKv5M2aWI/Ws/Xybc1Z2cwB+QXr/QvEiZFn</latexit>

EWSB scale

<latexit sha1_base64="4/OUvqlgKMbh6zuEtwFsYsPWSQM=">AAAB9HicbVDLTgJBEJz1ifha9OhlIjHxRHaNQY9ELxwxkUcCGzI7NOyE2UdmelGy4U/0ZNSbX+IP+DcOuAcF61TdVd3pLj+RQqPjfFlr6xubW9uFneLu3v7BoV06auk4VRyaPJax6vhMgxQRNFGghE6igIW+hLY/vp3r7QkoLeLoHqcJeCEbRWIoOEPT6tulHsIjZnUxCqjmTMKsb5edirMAXSVuTsokR6Nvf/YGMU9DiJBLpnXXdRL0MqZQcLOv2Es1JIyP2Qi6hkYsBO1li9Nn9GwYK4oB0EX925uxUOtp6BtPyDDQy9q8+Z/WTXF47WUiSlKEiBuL0YappBjTeQJ0IBRwlFNDGFfCXEl5wBTjaHIqmvfd5WdXSeui4lYr1bvLcu0mD6JATsgpOScuuSI1UicN0iScPJBn8kberYn1ZL1Yrz/WNSufOSZ/YH18AzzkkbY=</latexit>

High scale

[D. Straub, 1810.08132]

In SMEFT

In ALP EFT?



ALPaca

[Extracted from https://cottoncreekfarms.com/alpaca-behavior/]
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ALP-automated computing algorithm

<latexit sha1_base64="q+z6FiN05u2K87FLNTICUwVR/qo=">AAACHXicbVC7TsMwFHXKq5RXgJHFoiAxVUmHAlsRCwNDkehDaqLqxnVaq85DtoMURf0BfoJfYIWdDbEiVr4Ep2SgLWc6PufYvvd4MWdSWdaXUVpZXVvfKG9WtrZ3dvfM/YOOjBJBaJtEPBI9DyTlLKRtxRSnvVhQCDxOu97kOve7D1RIFoX3Ko2pG8AoZD4joLQ0ME8cPwqVDwHjaUYCKaeOfowSlcv46rYFBPDArFo1awa8TOyCVFGB1sD8doYRSQIaKsJByr5txcrNQChGOJ1WnETSGMgERrSvaQgBlW4222aKT/1IYDWmeHb+m81AD5gGns4EoMZy0cvF/7x+ovwLN2NhnCgaEh3Rnp9wrCKcl4KHTOiVeaoJEMH0lJiMQQBRurq5X+JxKhmR00pFl2IvVrBMOvWa3ag17urV5mVRTxkdoWN0hmx0jproBrVQGxH0iJ7RC3o1now34934+I2WjOLOIZqD8fkDK4KiyA==</latexit>

ALPaca

Tackling ALP searches in meson decays with ALPaca 5



ALP-automated computing algorithm
User input: 

<latexit sha1_base64="q+z6FiN05u2K87FLNTICUwVR/qo=">AAACHXicbVC7TsMwFHXKq5RXgJHFoiAxVUmHAlsRCwNDkehDaqLqxnVaq85DtoMURf0BfoJfYIWdDbEiVr4Ep2SgLWc6PufYvvd4MWdSWdaXUVpZXVvfKG9WtrZ3dvfM/YOOjBJBaJtEPBI9DyTlLKRtxRSnvVhQCDxOu97kOve7D1RIFoX3Ko2pG8AoZD4joLQ0ME8cPwqVDwHjaUYCKaeOfowSlcv46rYFBPDArFo1awa8TOyCVFGB1sD8doYRSQIaKsJByr5txcrNQChGOJ1WnETSGMgERrSvaQgBlW4222aKT/1IYDWmeHb+m81AD5gGns4EoMZy0cvF/7x+ovwLN2NhnCgaEh3Rnp9wrCKcl4KHTOiVeaoJEMH0lJiMQQBRurq5X+JxKhmR00pFl2IvVrBMOvWa3ag17urV5mVRTxkdoWN0hmx0jproBrVQGxH0iJ7RC3o1now34934+I2WjOLOIZqD8fkDK4KiyA==</latexit>

ALPaca

Benchmark models or 

coefficients at High scale
Fed with 

<latexit sha1_base64="dEdwFSJHbHsw2VP1RGYgaVXmhY4=">AAACMnicbVDLSgMxFM3UV62vqks3wSJUkDIjUu2u4EKXFewDOqXcSTNtaDIzJBlhKP0Wf8JfcKtr3albP8JMW8G23kA4Oedcbu7xIs6Utu03K7Oyura+kd3MbW3v7O7l9w8aKowloXUS8lC2PFCUs4DWNdOctiJJQXicNr3hdao3H6hULAzudRLRjoB+wHxGQBuqm6+4NyAEFMHVIXb7KZ7ep2euOfiv7Pu/ZC/Uqpsv2CV7UngZODNQQLOqdfOfpo/EggaacFCq7diR7oxAakY4HefcWNEIyBD6tG1gAIKqzmiy4hif+KHEekDx5P3XOwKhVCI84xGgB2pRS8n/tHas/avOiAVRrGlAjMVofsyx2TRNCveYpETzxAAgkplfYjIACUSbPOemRINEMaLGuZwJxVmMYBk0zktOuVS+uyhUK7N4sugIHaMictAlqqJbVEN1RNAjekYv6NV6st6tD+tras1Ys55DNFfW9w8MKqh8</latexit>

!(a → ωω), !(a → ff), . . .

<latexit sha1_base64="KsPlp4OjVGpapDpK6gRj7fVgExA="></latexit>

!(B → K a), !(J/” → aω), . . .

and 
a library of >100  low-energy 

searches & observables

[Credit to Xavier Ponce Díaz]
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ALP-automated computing algorithm
User input: 

<latexit sha1_base64="q+z6FiN05u2K87FLNTICUwVR/qo=">AAACHXicbVC7TsMwFHXKq5RXgJHFoiAxVUmHAlsRCwNDkehDaqLqxnVaq85DtoMURf0BfoJfYIWdDbEiVr4Ep2SgLWc6PufYvvd4MWdSWdaXUVpZXVvfKG9WtrZ3dvfM/YOOjBJBaJtEPBI9DyTlLKRtxRSnvVhQCDxOu97kOve7D1RIFoX3Ko2pG8AoZD4joLQ0ME8cPwqVDwHjaUYCKaeOfowSlcv46rYFBPDArFo1awa8TOyCVFGB1sD8doYRSQIaKsJByr5txcrNQChGOJ1WnETSGMgERrSvaQgBlW4222aKT/1IYDWmeHb+m81AD5gGns4EoMZy0cvF/7x+ovwLN2NhnCgaEh3Rnp9wrCKcl4KHTOiVeaoJEMH0lJiMQQBRurq5X+JxKhmR00pFl2IvVrBMOvWa3ag17urV5mVRTxkdoWN0hmx0jproBrVQGxH0iJ7RC3o1now34934+I2WjOLOIZqD8fkDK4KiyA==</latexit>

ALPaca

Benchmark models or 

coefficients at High scale
Fed with 

<latexit sha1_base64="dEdwFSJHbHsw2VP1RGYgaVXmhY4=">AAACMnicbVDLSgMxFM3UV62vqks3wSJUkDIjUu2u4EKXFewDOqXcSTNtaDIzJBlhKP0Wf8JfcKtr3albP8JMW8G23kA4Oedcbu7xIs6Utu03K7Oyura+kd3MbW3v7O7l9w8aKowloXUS8lC2PFCUs4DWNdOctiJJQXicNr3hdao3H6hULAzudRLRjoB+wHxGQBuqm6+4NyAEFMHVIXb7KZ7ep2euOfiv7Pu/ZC/Uqpsv2CV7UngZODNQQLOqdfOfpo/EggaacFCq7diR7oxAakY4HefcWNEIyBD6tG1gAIKqzmiy4hif+KHEekDx5P3XOwKhVCI84xGgB2pRS8n/tHas/avOiAVRrGlAjMVofsyx2TRNCveYpETzxAAgkplfYjIACUSbPOemRINEMaLGuZwJxVmMYBk0zktOuVS+uyhUK7N4sugIHaMictAlqqJbVEN1RNAjekYv6NV6st6tD+tras1Ys55DNFfW9w8MKqh8</latexit>

!(a → ωω), !(a → ff), . . .

<latexit sha1_base64="KsPlp4OjVGpapDpK6gRj7fVgExA="></latexit>

!(B → K a), !(J/” → aω), . . .

and 
a library of >100  low-energy 

searches & observables

Automatic running and matching

Computes parameters at 
low energy

[Credit to Xavier Ponce Díaz]
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ALP-automated computing algorithm
User input: 

<latexit sha1_base64="q+z6FiN05u2K87FLNTICUwVR/qo=">AAACHXicbVC7TsMwFHXKq5RXgJHFoiAxVUmHAlsRCwNDkehDaqLqxnVaq85DtoMURf0BfoJfYIWdDbEiVr4Ep2SgLWc6PufYvvd4MWdSWdaXUVpZXVvfKG9WtrZ3dvfM/YOOjBJBaJtEPBI9DyTlLKRtxRSnvVhQCDxOu97kOve7D1RIFoX3Ko2pG8AoZD4joLQ0ME8cPwqVDwHjaUYCKaeOfowSlcv46rYFBPDArFo1awa8TOyCVFGB1sD8doYRSQIaKsJByr5txcrNQChGOJ1WnETSGMgERrSvaQgBlW4222aKT/1IYDWmeHb+m81AD5gGns4EoMZy0cvF/7x+ovwLN2NhnCgaEh3Rnp9wrCKcl4KHTOiVeaoJEMH0lJiMQQBRurq5X+JxKhmR00pFl2IvVrBMOvWa3ag17urV5mVRTxkdoWN0hmx0jproBrVQGxH0iJ7RC3o1now34934+I2WjOLOIZqD8fkDK4KiyA==</latexit>

ALPaca

Automatic bounds
<latexit sha1_base64="o+mLAJtzZoRNrZQcjB0YPJbHnlw="></latexit>

ci(ma)

fa
→ # [GeV→1]

Benchmark models or 

coefficients at High scale
Fed with 

<latexit sha1_base64="dEdwFSJHbHsw2VP1RGYgaVXmhY4=">AAACMnicbVDLSgMxFM3UV62vqks3wSJUkDIjUu2u4EKXFewDOqXcSTNtaDIzJBlhKP0Wf8JfcKtr3albP8JMW8G23kA4Oedcbu7xIs6Utu03K7Oyura+kd3MbW3v7O7l9w8aKowloXUS8lC2PFCUs4DWNdOctiJJQXicNr3hdao3H6hULAzudRLRjoB+wHxGQBuqm6+4NyAEFMHVIXb7KZ7ep2euOfiv7Pu/ZC/Uqpsv2CV7UngZODNQQLOqdfOfpo/EggaacFCq7diR7oxAakY4HefcWNEIyBD6tG1gAIKqzmiy4hif+KHEekDx5P3XOwKhVCI84xGgB2pRS8n/tHas/avOiAVRrGlAjMVofsyx2TRNCveYpETzxAAgkplfYjIACUSbPOemRINEMaLGuZwJxVmMYBk0zktOuVS+uyhUK7N4sugIHaMictAlqqJbVEN1RNAjekYv6NV6st6tD+tras1Ys55DNFfW9w8MKqh8</latexit>

!(a → ωω), !(a → ff), . . .

<latexit sha1_base64="KsPlp4OjVGpapDpK6gRj7fVgExA="></latexit>

!(B → K a), !(J/” → aω), . . .

and 
a library of >100  low-energy 

searches & observables

Automatic running and matching

Computes parameters at 
low energy

[Credit to Xavier Ponce Díaz]
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ALP-automated computing algorithm
User input: 

<latexit sha1_base64="q+z6FiN05u2K87FLNTICUwVR/qo=">AAACHXicbVC7TsMwFHXKq5RXgJHFoiAxVUmHAlsRCwNDkehDaqLqxnVaq85DtoMURf0BfoJfYIWdDbEiVr4Ep2SgLWc6PufYvvd4MWdSWdaXUVpZXVvfKG9WtrZ3dvfM/YOOjBJBaJtEPBI9DyTlLKRtxRSnvVhQCDxOu97kOve7D1RIFoX3Ko2pG8AoZD4joLQ0ME8cPwqVDwHjaUYCKaeOfowSlcv46rYFBPDArFo1awa8TOyCVFGB1sD8doYRSQIaKsJByr5txcrNQChGOJ1WnETSGMgERrSvaQgBlW4222aKT/1IYDWmeHb+m81AD5gGns4EoMZy0cvF/7x+ovwLN2NhnCgaEh3Rnp9wrCKcl4KHTOiVeaoJEMH0lJiMQQBRurq5X+JxKhmR00pFl2IvVrBMOvWa3ag17urV5mVRTxkdoWN0hmx0jproBrVQGxH0iJ7RC3o1now34934+I2WjOLOIZqD8fkDK4KiyA==</latexit>

ALPaca

Automatic bounds
<latexit sha1_base64="o+mLAJtzZoRNrZQcjB0YPJbHnlw="></latexit>

ci(ma)

fa
→ # [GeV→1]

+ simplified syntax and 
many functionalities: 
statistics, plotting, 
benchmark models …

Benchmark models or 

coefficients at High scale

Soon to be public

Fed with 

<latexit sha1_base64="dEdwFSJHbHsw2VP1RGYgaVXmhY4=">AAACMnicbVDLSgMxFM3UV62vqks3wSJUkDIjUu2u4EKXFewDOqXcSTNtaDIzJBlhKP0Wf8JfcKtr3albP8JMW8G23kA4Oedcbu7xIs6Utu03K7Oyura+kd3MbW3v7O7l9w8aKowloXUS8lC2PFCUs4DWNdOctiJJQXicNr3hdao3H6hULAzudRLRjoB+wHxGQBuqm6+4NyAEFMHVIXb7KZ7ep2euOfiv7Pu/ZC/Uqpsv2CV7UngZODNQQLOqdfOfpo/EggaacFCq7diR7oxAakY4HefcWNEIyBD6tG1gAIKqzmiy4hif+KHEekDx5P3XOwKhVCI84xGgB2pRS8n/tHas/avOiAVRrGlAjMVofsyx2TRNCveYpETzxAAgkplfYjIACUSbPOemRINEMaLGuZwJxVmMYBk0zktOuVS+uyhUK7N4sugIHaMictAlqqJbVEN1RNAjekYv6NV6st6tD+tras1Ys55DNFfW9w8MKqh8</latexit>

!(a → ωω), !(a → ff), . . .

<latexit sha1_base64="KsPlp4OjVGpapDpK6gRj7fVgExA="></latexit>

!(B → K a), !(J/” → aω), . . .

and 
a library of >100  low-energy 

searches & observables

Automatic running and matching

Computes parameters at 
low energy

[Credit to Xavier Ponce Díaz]
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ALP production
FCNC meson decays

<latexit sha1_base64="6k3Y+Om8q7Gge5cx+qieifhgeiA=">AAAB+XicbZDNSsNAFIVv6l+Nf1HBjZvBIrSbkohUl0U3LiPYWGhCmUyn7dDJDzMTocQ+jK5E3fkavoBv46Rmoa139c09Z+CeE6acSWXbX0ZlZXVtfaO6aW5t7+zuWfsHnkwyQWiHJDwR3RBLyllMO4opTrupoDgKOb0PJ9eFfv9AhWRJfKemKQ0iPIrZkBGs9KpvHZmurxLk1r2G75tewV7dbfStmt2054OWwSmhBuW4fevTHyQki2isCMdS9hw7VUGOhWKE05npZ5KmmEzwiPY0xjiiMsjn98/Q6TARSI0pmr9/e3McSTmNQu2JsBrLRa1Y/qf1MjW8DHIWp5miMdEWrQ0zjnS+ogY0YIISxacaMBFMX4nIGAtMlC7L1PGdxbDL4J01nVazdXtea1+VRVThGE6gDg5cQBtuwIUOEHiEZ3iDdyM3nowX4/XHWjHKP4fwZ4yPbw2mkUU=</latexit>

P → P (V )

V → V (P )

Tackling ALP searches in meson decays with ALPaca

[A. Guerrera, S. Rigolin, Fortsch.Phys. 71 (2023) 2-3, 2200192]

Tree level vs Loop level

7

Lepage-Brodsky,  PTχ

Form factor

[C. Cornella, A. M. Galda, M. Neubert, D. Wyler, JHEP 06 (2024) 029]

[G. P. Lepage and S. J. Brodsky, Phys. Rev. D, 22:2157, 1980]

Need to consider both contributions



ALP production
FCNC meson decays

<latexit sha1_base64="6k3Y+Om8q7Gge5cx+qieifhgeiA=">AAAB+XicbZDNSsNAFIVv6l+Nf1HBjZvBIrSbkohUl0U3LiPYWGhCmUyn7dDJDzMTocQ+jK5E3fkavoBv46Rmoa139c09Z+CeE6acSWXbX0ZlZXVtfaO6aW5t7+zuWfsHnkwyQWiHJDwR3RBLyllMO4opTrupoDgKOb0PJ9eFfv9AhWRJfKemKQ0iPIrZkBGs9KpvHZmurxLk1r2G75tewV7dbfStmt2054OWwSmhBuW4fevTHyQki2isCMdS9hw7VUGOhWKE05npZ5KmmEzwiPY0xjiiMsjn98/Q6TARSI0pmr9/e3McSTmNQu2JsBrLRa1Y/qf1MjW8DHIWp5miMdEWrQ0zjnS+ogY0YIISxacaMBFMX4nIGAtMlC7L1PGdxbDL4J01nVazdXtea1+VRVThGE6gDg5cQBtuwIUOEHiEZ3iDdyM3nowX4/XHWjHKP4fwZ4yPbw2mkUU=</latexit>

P → P (V )

V → V (P )

Tackling ALP searches in meson decays with ALPaca

[A. Guerrera, S. Rigolin, Fortsch.Phys. 71 (2023) 2-3, 2200192]

Other observables: 
• Neutral meson mixing 
• Radiative quarkonia decays 
• Off-shell ALP                                (    ) 
• Lepton flavour violation
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Need to consider both contributions



Three main decay channels: photons, hadrons, fermions

ALP decays

Photons
[D. Aloni, Y. Soreq, M. Williams, PRL 123 
no.3 (2019) 031803]

[M. Bauer, M. Neubert, S. Renner, 
M. Schnubel, A.Thamm, JHEP 09 
(2022) 056]

Tree level Loop level Hadronic

<latexit sha1_base64="FMAABMl2QqT6N1TpEKqc8Zcotgw="></latexit>

! (a → ωω) =
ε2
EMm3

a

(4ϑ)3f2
a

∣∣cω + Cε
ω + Cϑ

ω + CVMD
ω + CpQCD

ω + CW
ω

∣∣2

Tackling ALP searches in meson decays with ALPaca 8



Three main decay channels: photons, hadrons, fermions

ALP decays

Photons
[D. Aloni, Y. Soreq, M. Williams, PRL 123 
no.3 (2019) 031803]

[M. Bauer, M. Neubert, S. Renner, 
M. Schnubel, A.Thamm, JHEP 09 
(2022) 056]

Tree level Loop level Hadronic

<latexit sha1_base64="FMAABMl2QqT6N1TpEKqc8Zcotgw="></latexit>

! (a → ωω) =
ε2
EMm3

a

(4ϑ)3f2
a

∣∣cω + Cε
ω + Cϑ

ω + CVMD
ω + CpQCD

ω + CW
ω

∣∣2

ALP mixing with mesons: …  Mixing 
matrix with pseudo scalar and vector 
mesons relevant

π, η, η′ →
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[M. Ovchynnikov, A. Zaporozhchenko, 2501.04525]
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ALP decays
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BR(X → Y Z)NWA ↑ BR(X → Y a)↓ BR(a → Z)

ALP decay length + experiment characteristics
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ALP decays

Prompt
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BR(X → Y Z)NWA ↑ BR(X → Y a)↓ BR(a → Z)

Displaced Invisible

Long-lived ALP 

Escape dectector 
Missing energy

→

Decay length 
comparable resolution 

Displaced vertex

Short-lived ALP 

Decay products 
“originate” at IP

Study the probability of each case

ALP decay length + experiment characteristics

Tackling ALP searches in meson decays with ALPaca 9



Type of signal: prompt, displaced, invisible?
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Tackling ALP searches in meson decays with ALPaca

<latexit sha1_base64="7wTbSVOD4sUeiGGalpaGEiQSbcE="></latexit>

P (r1, r2) = exp

(
→ r1
cωaεaϑa

)
→ exp

(
→ r2
cωaεaϑa

)
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ωa, εa : determined by the kinematics

: characteristic lengths of the 
detector

<latexit sha1_base64="8FX+jO9UYBQaoB0dvbzXtQFtOb4="></latexit>r1, r2
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Phenomenology
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B physics
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direction

Invisible
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B+ → K+µ+µ→

Complementarity 
between searches
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Belle II anomaly

Tackling ALP searches in meson decays with ALPaca

[Belle II, Phys.Rev.D 109 (2024) 11, 112006]
<latexit sha1_base64="xbmC+1AnbUiVnhfcmB2jR682iI0="></latexit>

BR(B+ → K+ωω) = [2.3± 0.5(stat)+0.5
→0.4(syst)] · 10→5

ALP mass ma = 2 GeV 

[W. Altmannshofer, A. Crivellin, H. Haigh, G. Inguglia, J. Martin 
Camalich, Phys.Rev.D 109 (2024) 7, 075008]

Possible solution:
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Belle II anomaly
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Agreement with 
Altmannshofer et al.



Belle II anomaly

Tackling ALP searches in meson decays with ALPaca

No FV coupling at tree-levelFV coupling at tree-level
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No FV at 
tree-level

Flaxion: tree-level 
flavour violation

QED-DFSZ: order 
one coupling to 
fermions

Top-philic: only 

coupling to ctR

Q-KSVZ: cg = 1

[Y. Ema, K. Hamaguchi, T. Moroi, and K. 
Nakayama, JHEP 01 (2017) 096]
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Flaxion: tree-level 
flavour violation

QED-DFSZ: order 
one coupling to 
fermions

Top-philic: only 

coupling to ctR

Q-KSVZ: cg = 1

[Y. Ema, K. Hamaguchi, T. Moroi, and K. 
Nakayama, JHEP 01 (2017) 096]



Belle II anomaly

Tackling ALP searches in meson decays with ALPaca

BR to dark sector

15

Flaxion: tree-level 
flavour violation

QED-DFSZ: order 
one coupling to 
fermions

Top-philic: only 

coupling to ctR

Q-KSVZ: cg = 1

[Y. Ema, K. Hamaguchi, T. Moroi, and K. 
Nakayama, JHEP 01 (2017) 096]



Conclusions
ALPaca: ALP automated computing algorithm 

• User-friendly Python package  Obtain bounds on ALP EFT in automatized way 
• Running and matching of coefficients 
• Production and decay of ALPs, including QCD effects 
• Library of flavour observables and experimental searches

→

Tackling ALP searches in meson decays with ALPaca

Phenomenological study on B physics 
• Need for dark sector to explain Belle II with benchmark models

16
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Hadronic decays
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Flaxion

<latexit sha1_base64="uDUvOKZqendzI+dwbCx2BH0n8ag=">AAAB7HicbZDNSgMxFIXv1L9a/6ou3QSL4ELKjEjVXcGN4KaC/YGZoWTSTBuaSYYkI5Shb6ErUXc+jS/g25jWWWjrWX255wTuuVHKmTau++WUVlbX1jfKm5Wt7Z3dver+QUfLTBHaJpJL1YuwppwJ2jbMcNpLFcVJxGk3Gt/M/O4jVZpJ8WAmKQ0TPBQsZgQbO/LvAiODlAVnCPerNbfuzoWWwSugBoVa/epnMJAkS6gwhGOtfc9NTZhjZRjhdFoJMk1TTMZ4SH2LAidUh/l85Sk6iaVCZkTR/P07m+NE60kS2UyCzUgverPhf56fmfgqzJlIM0MFsRHrxRlHRqJZczRgihLDJxYwUcxuicgIK0yMvU/F1vcWyy5D57zuNeqN+4ta87o4RBmO4BhOwYNLaMIttKANBCQ8wxu8O8J5cl6c159oySn+HMIfOR/fU0CORw==</latexit>

K → ω a
<latexit sha1_base64="ZR1JLZBYEMBPcdg0rbGb+GcpdOI=">AAACCXicbZC7SgNBFIZnvcZ4i1raDAbFQsKuSNQuYGMZwVwgu4Szs2eTIbMXZmbFsOQJ9GW0ErWz9QV8GycxhSae6p/z/QPn//1UcKVt+8taWFxaXlktrBXXNza3tks7u02VZJJhgyUikW0fFAoeY0NzLbCdSoTIF9jyB1dj3rpDqXgS3+phil4EvZiHnIE2q27pyKeuTmhA3RMKRuK9llFOIQ7oiPpjpAyCbqlsV+zJ0HnhTEWZTKfeLX26QcKyCGPNBCjVcexUezlIzZnAUdHNFKbABtDDjpExRKi8fJJnRA/DRFLdRzp5//bmECk1jHzjiUD31SwbL/9jnUyHF17O4zTTGDNjMSzMBDUBx7XQgEtkWgyNACa5uZKyPkhg2pRXNPGd2bDzonlacaqV6s1ZuXY5LaJA9skBOSYOOSc1ck3qpEEYeSTP5I28Ww/Wk/Vivf5YF6zpnz3yZ6yPb0fhmBQ=</latexit>

b → d a and b → s a

<latexit sha1_base64="Ha+uzt/zCqoDhRZV7FtgrMNA3Hw=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRL0FvQheIpgHZJcwO+kkQ2Z215lZISz5DT2JevNj/AH/xkncg0aLPlR3VUNXh4ng2rjup1NYWl5ZXSuulzY2t7Z3yrt7LR2nimGTxSJWnZBqFDzCpuFGYCdRSGUosB2Or2Z6+wGV5nF0ZyYJBpIOIz7gjBo7Ci59E5Mb4svUVq9ccavuHOQv8XJSgRyNXvnD78cslRgZJqjWXc9NTJBRZTgTOC35qcaEsjEdYtfSiErUQTY/ekqOBrEiZoRk3v/0ZlRqPZGh9UhqRnpRmw3/07qpGZwHGY+S1GDErMVqg1QQm3GWnfS5QmbExBLKFLdXEjaiijJjP1Sy8b3FsH9J66Tq1aq129NK/SJ/RBEO4BCOwYMzqMM1NKAJDO7hCV7hzUmcR+fZefm2Fpx8Zx9+wXn/AsCmjxs=</latexit>

B → Kµµ

<latexit sha1_base64="Hlw5OwrogU34FKcHNhYkAE913gg=">AAAB+nicbVDLSgNBEJz1GeMr6sGDl8EgeJBlVyTqLehF8BLBPCC7hNlJJxky+2CmNxji/oyeRL35Gf6Af+Mk5qCJdaruqoauChIpNDrOl7WwuLS8sppby69vbG5tF3Z2azpOFYcqj2WsGgHTIEUEVRQooZEoYGEgoR70r8d6fQBKizi6x2ECfsi6kegIztCsWoX9Kw9jeku9E+ohPKAKRyIa2FmrUHRsZwI6T9wpKZIpKq3Cp9eOeRpChFwyrZuuk6A/YgoFl5DlvVRDwnifdaFpaMRC0P5oEiCjR51YUewBncy/vSMWaj0MA+MJGfb0rDZe/qc1U+xc+CZLkiJE3FiM1kklNWnHPdC2UMBRDg1hXAnzJeU9phhH01bexHdnw86T2qntluzS3VmxfDktIkcOyCE5Ji45J2VyQyqkSjjJyDN5I+/Wo/VkvVivP9YFa3qzR/7A+vgGS1qTTw==</latexit>

B → K inv.

<latexit sha1_base64="b6XDEzBGuKgqHruSlBVjZQHvh0g=">AAAB/nicbVDLSgMxFM34rPU16rKbYBFclRmRqruCG5cVnLbQGcqdNG1Dk8yQZIQyFPRndCXqzo/wB/wb0zoLbT3cxbn3nEDOiVPOtPG8L2dldW19Y7O0Vd7e2d3bdw8OWzrJFKEBSXiiOjFoypmkgWGG006qKIiY03Y8vp7p7XuqNEvknZmkNBIwlGzACBh76rmVMEg144nEoUlwOAQhAIcis4N7btWreXPgZeIXpIoKNHvuZ9hPSCaoNISD1l3fS02UgzKMcDoth5mmKZAxDGnXUgmC6iifh5jik0GisBlRPN9/e3MQWk9EbD0CzEgvarPjf1o3M4PLKGcyzQyVxFqsNsg4tklnXeA+U5QYPrEEiGL2l5iMQAExtrGyje8vhl0mrbOaX6/Vb8+rjauiiBKqoGN0inx0gRroBjVRgAh6RM/oDb07D86T8+K8/lhXnOLNEfoD5+MboyGVMA==</latexit>

! → ωµµ

Flaxion: tree-level 
flavour violation

QED-DFSZ: order 
one coupling to 
fermions

Top-philic: only 

coupling to ctR

Q-KSVZ: cg = 1

Benchmark models



Future searches


