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Minimalistic new physics

2

sterile neutrino

L = yN (LH)N + h.c.
<latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="WgNyxYRKcAMeyie+xiV50jmW0o0="></latexit><latexit sha1_base64="WgNyxYRKcAMeyie+xiV50jmW0o0="></latexit><latexit sha1_base64="Iftfcb8hCsYy12/lwHwHzta0jsc="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit>

N
<latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="3m6uSzPPAXmij4pxFREW49s3DGE="></latexit><latexit sha1_base64="3m6uSzPPAXmij4pxFREW49s3DGE="></latexit><latexit sha1_base64="w1Zj/XtYxvp7Cz3duUM2hlSgVFc="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit>

`+
<latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="eUHQAsQTNWN9g9Zl8OToaH/cNRE="></latexit><latexit sha1_base64="eUHQAsQTNWN9g9Zl8OToaH/cNRE="></latexit><latexit sha1_base64="Ty/grhMC+sBSICjnY3jx/1KIgOE="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit>

W+
<latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="N0WIse2rQstA4UBeJ6duzbYb0MI="></latexit><latexit sha1_base64="N0WIse2rQstA4UBeJ6duzbYb0MI="></latexit><latexit sha1_base64="uYGfQ1chOdW88WgfoPQpwFxX3W8="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit>

dark photon

L = ✏Fµ⌫F 0
µ⌫

<latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="5N0Js8dMPbuTbirRS1iCGxBtF5s="></latexit><latexit sha1_base64="5N0Js8dMPbuTbirRS1iCGxBtF5s="></latexit><latexit sha1_base64="iMxI4SvcYtyc98PBjqooHnoJdY4="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit>

�0
<latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="w6aCEcoz8ux78sURdEGgOdaNnNw="></latexit><latexit sha1_base64="w6aCEcoz8ux78sURdEGgOdaNnNw="></latexit><latexit sha1_base64="EmKA3QYPWHvWbTYDj81nN/DNoJk="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit>

f
<latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mPruwqR7C4GKVm+uPk57t8s6dmY="></latexit><latexit sha1_base64="mPruwqR7C4GKVm+uPk57t8s6dmY="></latexit><latexit sha1_base64="gaQ/MADDMoGowHGz2oiyZbJfsNI="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit>

f̄
<latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="JMPOXSIcfbDNGAbjuwWK8fRDt/w="></latexit><latexit sha1_base64="JMPOXSIcfbDNGAbjuwWK8fRDt/w="></latexit><latexit sha1_base64="wyGM9sAockhO4zQTq6jj5915VK4="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit>

dark Higgs

L = �S(H
†
H)S

<latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="MBv/E6i7ktdv17GefawtyOQnAKI="></latexit><latexit sha1_base64="MBv/E6i7ktdv17GefawtyOQnAKI="></latexit><latexit sha1_base64="Y9uPToHl2SbapO08j9vp9gd6KqE="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit>

S
<latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="4cIO+8ro5NMPgBcKHTm2Ej81z6M="></latexit><latexit sha1_base64="4cIO+8ro5NMPgBcKHTm2Ej81z6M="></latexit><latexit sha1_base64="Hu80DEBMG+kK9zrap7IAkmN+JVg="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit>

f
<latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mPruwqR7C4GKVm+uPk57t8s6dmY="></latexit><latexit sha1_base64="mPruwqR7C4GKVm+uPk57t8s6dmY="></latexit><latexit sha1_base64="gaQ/MADDMoGowHGz2oiyZbJfsNI="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit>

f̄
<latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="JMPOXSIcfbDNGAbjuwWK8fRDt/w="></latexit><latexit sha1_base64="JMPOXSIcfbDNGAbjuwWK8fRDt/w="></latexit><latexit sha1_base64="wyGM9sAockhO4zQTq6jj5915VK4="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit>

Pospelov, Ritz, Voloshin 2007; Georgi, Kaplan, Randall 1986

axion-like particles a
<latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="I6Jc3CYgV1De0hehomgyBPuDTmU="></latexit><latexit sha1_base64="I6Jc3CYgV1De0hehomgyBPuDTmU="></latexit><latexit sha1_base64="JZgb7AteD7fl0J/x66ZIdpuoT+M="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit>

f
<latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mPruwqR7C4GKVm+uPk57t8s6dmY="></latexit><latexit sha1_base64="mPruwqR7C4GKVm+uPk57t8s6dmY="></latexit><latexit sha1_base64="gaQ/MADDMoGowHGz2oiyZbJfsNI="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit>

f̄
<latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="JMPOXSIcfbDNGAbjuwWK8fRDt/w="></latexit><latexit sha1_base64="JMPOXSIcfbDNGAbjuwWK8fRDt/w="></latexit><latexit sha1_base64="wyGM9sAockhO4zQTq6jj5915VK4="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit>
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<latexit sha1_base64="3V/OBA9LJv/bD1aFtX0bbGB51To="></latexit><latexit sha1_base64="3V/OBA9LJv/bD1aFtX0bbGB51To="></latexit><latexit sha1_base64="3V/OBA9LJv/bD1aFtX0bbGB51To="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Wtui5L2rAJBkj+vjDsaez83LO5s="></latexit><latexit sha1_base64="Wtui5L2rAJBkj+vjDsaez83LO5s="></latexit><latexit sha1_base64="gASZRhBk7alaIzcvRt0/GwngXi4="></latexit><latexit sha1_base64="3V/OBA9LJv/bD1aFtX0bbGB51To="></latexit><latexit sha1_base64="3V/OBA9LJv/bD1aFtX0bbGB51To="></latexit><latexit sha1_base64="3V/OBA9LJv/bD1aFtX0bbGB51To="></latexit><latexit sha1_base64="3V/OBA9LJv/bD1aFtX0bbGB51To="></latexit><latexit sha1_base64="3V/OBA9LJv/bD1aFtX0bbGB51To="></latexit><latexit sha1_base64="3V/OBA9LJv/bD1aFtX0bbGB51To="></latexit>



Goldstone bosons

3

V (�) = �µ2 �†�+
�

2
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<latexit sha1_base64="SCNYL+vyVJ04LZmo69Pw84I80lc="></latexit><latexit sha1_base64="SCNYL+vyVJ04LZmo69Pw84I80lc="></latexit><latexit sha1_base64="SCNYL+vyVJ04LZmo69Pw84I80lc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="knP4fc/t7Ks11Y1cqLEId8PKDOE="></latexit><latexit sha1_base64="knP4fc/t7Ks11Y1cqLEId8PKDOE="></latexit><latexit sha1_base64="lkOh1ippTBxGlsAngqU8YaCmR40="></latexit><latexit sha1_base64="SCNYL+vyVJ04LZmo69Pw84I80lc="></latexit><latexit sha1_base64="SCNYL+vyVJ04LZmo69Pw84I80lc="></latexit><latexit sha1_base64="SCNYL+vyVJ04LZmo69Pw84I80lc="></latexit><latexit sha1_base64="SCNYL+vyVJ04LZmo69Pw84I80lc="></latexit><latexit sha1_base64="SCNYL+vyVJ04LZmo69Pw84I80lc="></latexit><latexit sha1_base64="SCNYL+vyVJ04LZmo69Pw84I80lc="></latexit>

h�i2 =
µ2

�
<latexit sha1_base64="wqaMcRiluiLqn09tg41ZKHlR7yQ="></latexit><latexit sha1_base64="wqaMcRiluiLqn09tg41ZKHlR7yQ="></latexit><latexit sha1_base64="wqaMcRiluiLqn09tg41ZKHlR7yQ="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="56JdECuZiIruYWtmJt/H0G3GR54="></latexit><latexit sha1_base64="56JdECuZiIruYWtmJt/H0G3GR54="></latexit><latexit sha1_base64="5cJUdfs29qo7+fApPwKV5Motij4="></latexit><latexit sha1_base64="wqaMcRiluiLqn09tg41ZKHlR7yQ="></latexit><latexit sha1_base64="wqaMcRiluiLqn09tg41ZKHlR7yQ="></latexit><latexit sha1_base64="wqaMcRiluiLqn09tg41ZKHlR7yQ="></latexit><latexit sha1_base64="wqaMcRiluiLqn09tg41ZKHlR7yQ="></latexit><latexit sha1_base64="wqaMcRiluiLqn09tg41ZKHlR7yQ="></latexit><latexit sha1_base64="wqaMcRiluiLqn09tg41ZKHlR7yQ="></latexit>

� =
�
h�i+ s

�
e
i
a
f

<latexit sha1_base64="u9NqWdPxPF5ggJyuwvTwgsVexCw="></latexit><latexit sha1_base64="u9NqWdPxPF5ggJyuwvTwgsVexCw="></latexit><latexit sha1_base64="u9NqWdPxPF5ggJyuwvTwgsVexCw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="6ypurdUV26oWe9r4dhabM6b8a3U="></latexit><latexit sha1_base64="6ypurdUV26oWe9r4dhabM6b8a3U="></latexit><latexit sha1_base64="VRaPIEMmgVEBrMBD55pUVKUG0Xk="></latexit><latexit sha1_base64="u9NqWdPxPF5ggJyuwvTwgsVexCw="></latexit><latexit sha1_base64="u9NqWdPxPF5ggJyuwvTwgsVexCw="></latexit><latexit sha1_base64="u9NqWdPxPF5ggJyuwvTwgsVexCw="></latexit><latexit sha1_base64="u9NqWdPxPF5ggJyuwvTwgsVexCw="></latexit><latexit sha1_base64="u9NqWdPxPF5ggJyuwvTwgsVexCw="></latexit><latexit sha1_base64="u9NqWdPxPF5ggJyuwvTwgsVexCw="></latexit>

ma = 0
<latexit sha1_base64="kGzKlvJHt+rr0t8NxenH2fv1MN0="></latexit><latexit sha1_base64="kGzKlvJHt+rr0t8NxenH2fv1MN0="></latexit><latexit sha1_base64="kGzKlvJHt+rr0t8NxenH2fv1MN0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="9sDoWDpihmXTG9ll/om0s8qWuqo="></latexit><latexit sha1_base64="9sDoWDpihmXTG9ll/om0s8qWuqo="></latexit><latexit sha1_base64="N7DrisQja/76x/ZbwnFxEq/AU9k="></latexit><latexit sha1_base64="kGzKlvJHt+rr0t8NxenH2fv1MN0="></latexit><latexit sha1_base64="kGzKlvJHt+rr0t8NxenH2fv1MN0="></latexit><latexit sha1_base64="kGzKlvJHt+rr0t8NxenH2fv1MN0="></latexit><latexit sha1_base64="kGzKlvJHt+rr0t8NxenH2fv1MN0="></latexit><latexit sha1_base64="kGzKlvJHt+rr0t8NxenH2fv1MN0="></latexit><latexit sha1_base64="kGzKlvJHt+rr0t8NxenH2fv1MN0="></latexit>

Goldstone boson (ALP):

massive scalar: m2
s = µ2

<latexit sha1_base64="tvkf3NPg0XVP0SR8PwRy9CNqBmI="></latexit><latexit sha1_base64="tvkf3NPg0XVP0SR8PwRy9CNqBmI="></latexit><latexit sha1_base64="tvkf3NPg0XVP0SR8PwRy9CNqBmI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="yAp3Jvg6Y+bKSXHwvlNgfoirR+s="></latexit><latexit sha1_base64="yAp3Jvg6Y+bKSXHwvlNgfoirR+s="></latexit><latexit sha1_base64="1iQ1MvtCBqVRAxw17cj5jXuZWlE="></latexit><latexit sha1_base64="tvkf3NPg0XVP0SR8PwRy9CNqBmI="></latexit><latexit sha1_base64="tvkf3NPg0XVP0SR8PwRy9CNqBmI="></latexit><latexit sha1_base64="tvkf3NPg0XVP0SR8PwRy9CNqBmI="></latexit><latexit sha1_base64="tvkf3NPg0XVP0SR8PwRy9CNqBmI="></latexit><latexit sha1_base64="tvkf3NPg0XVP0SR8PwRy9CNqBmI="></latexit><latexit sha1_base64="tvkf3NPg0XVP0SR8PwRy9CNqBmI="></latexit>

�(x) ! �(x)e
i
c
f

<latexit sha1_base64="3BvafCn1O0q532FuSq+AeC/lPKI="></latexit><latexit sha1_base64="3BvafCn1O0q532FuSq+AeC/lPKI="></latexit><latexit sha1_base64="3BvafCn1O0q532FuSq+AeC/lPKI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="5bWLWOUkV51IY86EaSXnanmcSTc="></latexit><latexit sha1_base64="5bWLWOUkV51IY86EaSXnanmcSTc="></latexit><latexit sha1_base64="WKSumrqQ6rA9rrNmOEGqLKPqWP0="></latexit><latexit sha1_base64="3BvafCn1O0q532FuSq+AeC/lPKI="></latexit><latexit sha1_base64="3BvafCn1O0q532FuSq+AeC/lPKI="></latexit><latexit sha1_base64="3BvafCn1O0q532FuSq+AeC/lPKI="></latexit><latexit sha1_base64="3BvafCn1O0q532FuSq+AeC/lPKI="></latexit><latexit sha1_base64="3BvafCn1O0q532FuSq+AeC/lPKI="></latexit><latexit sha1_base64="3BvafCn1O0q532FuSq+AeC/lPKI="></latexit>

U(1) symmetry shift symmetry
a(x) ! a(x) + c

<latexit sha1_base64="g2j2oCndWLq/iZL3xk60QOEsOPg="></latexit><latexit sha1_base64="g2j2oCndWLq/iZL3xk60QOEsOPg="></latexit><latexit sha1_base64="g2j2oCndWLq/iZL3xk60QOEsOPg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="RAqsTrWW+rmGBJlrXmCh6sjFfGA="></latexit><latexit sha1_base64="RAqsTrWW+rmGBJlrXmCh6sjFfGA="></latexit><latexit sha1_base64="AeFPpbEgHfMSEjJQzI/dvy3bps0="></latexit><latexit sha1_base64="g2j2oCndWLq/iZL3xk60QOEsOPg="></latexit><latexit sha1_base64="g2j2oCndWLq/iZL3xk60QOEsOPg="></latexit><latexit sha1_base64="g2j2oCndWLq/iZL3xk60QOEsOPg="></latexit><latexit sha1_base64="g2j2oCndWLq/iZL3xk60QOEsOPg="></latexit><latexit sha1_base64="g2j2oCndWLq/iZL3xk60QOEsOPg="></latexit><latexit sha1_base64="g2j2oCndWLq/iZL3xk60QOEsOPg="></latexit>

Bonnefoy et al. 2206.04182

https://arxiv.org/abs/2206.04182
http://www.apple.com/de/


Axion-like particles

4

ALP mass breaks shift symmetry.
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<latexit sha1_base64="sAFO5tm1aGwD5alEEHYQCy7dXOU="></latexit><latexit sha1_base64="sAFO5tm1aGwD5alEEHYQCy7dXOU="></latexit><latexit sha1_base64="sAFO5tm1aGwD5alEEHYQCy7dXOU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="x3xHa2ZEi6gLmNSnbKUe1zUXH8E="></latexit><latexit sha1_base64="x3xHa2ZEi6gLmNSnbKUe1zUXH8E="></latexit><latexit sha1_base64="cXaXgfNN4JHHL5WabBtTD9x5ruE="></latexit><latexit sha1_base64="sAFO5tm1aGwD5alEEHYQCy7dXOU="></latexit><latexit sha1_base64="sAFO5tm1aGwD5alEEHYQCy7dXOU="></latexit><latexit sha1_base64="sAFO5tm1aGwD5alEEHYQCy7dXOU="></latexit><latexit sha1_base64="sAFO5tm1aGwD5alEEHYQCy7dXOU="></latexit><latexit sha1_base64="sAFO5tm1aGwD5alEEHYQCy7dXOU="></latexit><latexit sha1_base64="sAFO5tm1aGwD5alEEHYQCy7dXOU="></latexit>

a ! a+ c :
<latexit sha1_base64="EKp8jD280wWYqjQrlhBM1vcCIDQ="></latexit><latexit sha1_base64="EKp8jD280wWYqjQrlhBM1vcCIDQ="></latexit><latexit sha1_base64="EKp8jD280wWYqjQrlhBM1vcCIDQ="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="ZCMx5PVkrHBBVGf8k9ttv3xiWGQ="></latexit><latexit sha1_base64="ZCMx5PVkrHBBVGf8k9ttv3xiWGQ="></latexit><latexit sha1_base64="e7ZAuN3KxVuTovO8hJEKHH3Ct+8="></latexit><latexit sha1_base64="EKp8jD280wWYqjQrlhBM1vcCIDQ="></latexit><latexit sha1_base64="EKp8jD280wWYqjQrlhBM1vcCIDQ="></latexit><latexit sha1_base64="EKp8jD280wWYqjQrlhBM1vcCIDQ="></latexit><latexit sha1_base64="EKp8jD280wWYqjQrlhBM1vcCIDQ="></latexit><latexit sha1_base64="EKp8jD280wWYqjQrlhBM1vcCIDQ="></latexit><latexit sha1_base64="EKp8jD280wWYqjQrlhBM1vcCIDQ="></latexit> anomaly

ma / ?
<latexit sha1_base64="HQABRUXlJ+cDOBRDWEa9x09U5VU="></latexit><latexit sha1_base64="HQABRUXlJ+cDOBRDWEa9x09U5VU="></latexit><latexit sha1_base64="HQABRUXlJ+cDOBRDWEa9x09U5VU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Vwoa7uMZKW13N6/Ysi9N2ewzB7A="></latexit><latexit sha1_base64="Vwoa7uMZKW13N6/Ysi9N2ewzB7A="></latexit><latexit sha1_base64="8F34zC8bFcRS4tIKrVig6oQc42Y="></latexit><latexit sha1_base64="HQABRUXlJ+cDOBRDWEa9x09U5VU="></latexit><latexit sha1_base64="HQABRUXlJ+cDOBRDWEa9x09U5VU="></latexit><latexit sha1_base64="HQABRUXlJ+cDOBRDWEa9x09U5VU="></latexit><latexit sha1_base64="HQABRUXlJ+cDOBRDWEa9x09U5VU="></latexit><latexit sha1_base64="HQABRUXlJ+cDOBRDWEa9x09U5VU="></latexit><latexit sha1_base64="HQABRUXlJ+cDOBRDWEa9x09U5VU="></latexit>



Axion-like particles

5

ALP mass breaks shift symmetry.

Le↵ =
1
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(f�µ�5f) +
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(4⇡)2
Vµ⌫

eV µ⌫

<latexit sha1_base64="sAFO5tm1aGwD5alEEHYQCy7dXOU="></latexit><latexit sha1_base64="sAFO5tm1aGwD5alEEHYQCy7dXOU="></latexit><latexit sha1_base64="sAFO5tm1aGwD5alEEHYQCy7dXOU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="x3xHa2ZEi6gLmNSnbKUe1zUXH8E="></latexit><latexit sha1_base64="x3xHa2ZEi6gLmNSnbKUe1zUXH8E="></latexit><latexit sha1_base64="cXaXgfNN4JHHL5WabBtTD9x5ruE="></latexit><latexit sha1_base64="sAFO5tm1aGwD5alEEHYQCy7dXOU="></latexit><latexit sha1_base64="sAFO5tm1aGwD5alEEHYQCy7dXOU="></latexit><latexit sha1_base64="sAFO5tm1aGwD5alEEHYQCy7dXOU="></latexit><latexit sha1_base64="sAFO5tm1aGwD5alEEHYQCy7dXOU="></latexit><latexit sha1_base64="sAFO5tm1aGwD5alEEHYQCy7dXOU="></latexit><latexit sha1_base64="sAFO5tm1aGwD5alEEHYQCy7dXOU="></latexit>

a ! a+ c :
<latexit sha1_base64="EKp8jD280wWYqjQrlhBM1vcCIDQ="></latexit><latexit sha1_base64="EKp8jD280wWYqjQrlhBM1vcCIDQ="></latexit><latexit sha1_base64="EKp8jD280wWYqjQrlhBM1vcCIDQ="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="ZCMx5PVkrHBBVGf8k9ttv3xiWGQ="></latexit><latexit sha1_base64="ZCMx5PVkrHBBVGf8k9ttv3xiWGQ="></latexit><latexit sha1_base64="e7ZAuN3KxVuTovO8hJEKHH3Ct+8="></latexit><latexit sha1_base64="EKp8jD280wWYqjQrlhBM1vcCIDQ="></latexit><latexit sha1_base64="EKp8jD280wWYqjQrlhBM1vcCIDQ="></latexit><latexit sha1_base64="EKp8jD280wWYqjQrlhBM1vcCIDQ="></latexit><latexit sha1_base64="EKp8jD280wWYqjQrlhBM1vcCIDQ="></latexit><latexit sha1_base64="EKp8jD280wWYqjQrlhBM1vcCIDQ="></latexit><latexit sha1_base64="EKp8jD280wWYqjQrlhBM1vcCIDQ="></latexit>

Peccei, Quinn 1977

            spontaneously broken at                  .f � ⇤QCD
<latexit sha1_base64="OGuKyPgP+dMPv22uCTXO7mpsbIk="></latexit><latexit sha1_base64="OGuKyPgP+dMPv22uCTXO7mpsbIk="></latexit><latexit sha1_base64="OGuKyPgP+dMPv22uCTXO7mpsbIk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="rrsiXT92QRNWyP2lKl8+Z+f3HbI="></latexit><latexit sha1_base64="rrsiXT92QRNWyP2lKl8+Z+f3HbI="></latexit><latexit sha1_base64="wlbxVcPi9cuH0/VPJRxN7IEEokA="></latexit><latexit sha1_base64="OGuKyPgP+dMPv22uCTXO7mpsbIk="></latexit><latexit sha1_base64="OGuKyPgP+dMPv22uCTXO7mpsbIk="></latexit><latexit sha1_base64="OGuKyPgP+dMPv22uCTXO7mpsbIk="></latexit><latexit sha1_base64="OGuKyPgP+dMPv22uCTXO7mpsbIk="></latexit><latexit sha1_base64="OGuKyPgP+dMPv22uCTXO7mpsbIk="></latexit><latexit sha1_base64="OGuKyPgP+dMPv22uCTXO7mpsbIk="></latexit>

U(1)PQ
<latexit sha1_base64="K30B0tXm6B69QYocPNtt2g3WWdc="></latexit><latexit sha1_base64="K30B0tXm6B69QYocPNtt2g3WWdc="></latexit><latexit sha1_base64="K30B0tXm6B69QYocPNtt2g3WWdc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="F3Nav6D0jG0EkCapfDYmNW7j9XY="></latexit><latexit sha1_base64="F3Nav6D0jG0EkCapfDYmNW7j9XY="></latexit><latexit sha1_base64="67MJKTRmi/EzD4+crrf0ZGowanI="></latexit><latexit sha1_base64="K30B0tXm6B69QYocPNtt2g3WWdc="></latexit><latexit sha1_base64="K30B0tXm6B69QYocPNtt2g3WWdc="></latexit><latexit sha1_base64="K30B0tXm6B69QYocPNtt2g3WWdc="></latexit><latexit sha1_base64="K30B0tXm6B69QYocPNtt2g3WWdc="></latexit><latexit sha1_base64="K30B0tXm6B69QYocPNtt2g3WWdc="></latexit><latexit sha1_base64="K30B0tXm6B69QYocPNtt2g3WWdc="></latexit>

QCD axion:

L = ✓
↵s

4⇡
Gµ⌫

eGµ⌫ !
✓
✓ +

a

f

◆
↵s

4⇡
Gµ⌫

eGµ⌫

<latexit sha1_base64="KMljOUB9aXwkc8j4MX2ITvkngAo="></latexit><latexit sha1_base64="KMljOUB9aXwkc8j4MX2ITvkngAo="></latexit><latexit sha1_base64="KMljOUB9aXwkc8j4MX2ITvkngAo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="DwEui7sWEzDBxOhU50K1b8lAleM="></latexit><latexit sha1_base64="DwEui7sWEzDBxOhU50K1b8lAleM="></latexit><latexit sha1_base64="xdiv5LAANfM9EMNX5h/bJuEe7xM="></latexit><latexit sha1_base64="KMljOUB9aXwkc8j4MX2ITvkngAo="></latexit><latexit sha1_base64="KMljOUB9aXwkc8j4MX2ITvkngAo="></latexit><latexit sha1_base64="KMljOUB9aXwkc8j4MX2ITvkngAo="></latexit><latexit sha1_base64="KMljOUB9aXwkc8j4MX2ITvkngAo="></latexit><latexit sha1_base64="KMljOUB9aXwkc8j4MX2ITvkngAo="></latexit><latexit sha1_base64="KMljOUB9aXwkc8j4MX2ITvkngAo="></latexit>

ALP mass from chiral symmetry breaking: m2
a / f2

⇡ m2
⇡

f2
a

<latexit sha1_base64="iCjgore1vfv3zOu7xrwcy9O2n/o="></latexit><latexit sha1_base64="iCjgore1vfv3zOu7xrwcy9O2n/o="></latexit><latexit sha1_base64="iCjgore1vfv3zOu7xrwcy9O2n/o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="W9G3/itYxLe/9XOI5WQIfBcWU7M="></latexit><latexit sha1_base64="W9G3/itYxLe/9XOI5WQIfBcWU7M="></latexit><latexit sha1_base64="b/50CK0BgJ2QAezjTBfunDs+n4A="></latexit><latexit sha1_base64="iCjgore1vfv3zOu7xrwcy9O2n/o="></latexit><latexit sha1_base64="iCjgore1vfv3zOu7xrwcy9O2n/o="></latexit><latexit sha1_base64="iCjgore1vfv3zOu7xrwcy9O2n/o="></latexit><latexit sha1_base64="iCjgore1vfv3zOu7xrwcy9O2n/o="></latexit><latexit sha1_base64="iCjgore1vfv3zOu7xrwcy9O2n/o="></latexit><latexit sha1_base64="iCjgore1vfv3zOu7xrwcy9O2n/o="></latexit>

anomaly

ma / ?
<latexit sha1_base64="HQABRUXlJ+cDOBRDWEa9x09U5VU="></latexit><latexit sha1_base64="HQABRUXlJ+cDOBRDWEa9x09U5VU="></latexit><latexit sha1_base64="HQABRUXlJ+cDOBRDWEa9x09U5VU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Vwoa7uMZKW13N6/Ysi9N2ewzB7A="></latexit><latexit sha1_base64="Vwoa7uMZKW13N6/Ysi9N2ewzB7A="></latexit><latexit sha1_base64="8F34zC8bFcRS4tIKrVig6oQc42Y="></latexit><latexit sha1_base64="HQABRUXlJ+cDOBRDWEa9x09U5VU="></latexit><latexit sha1_base64="HQABRUXlJ+cDOBRDWEa9x09U5VU="></latexit><latexit sha1_base64="HQABRUXlJ+cDOBRDWEa9x09U5VU="></latexit><latexit sha1_base64="HQABRUXlJ+cDOBRDWEa9x09U5VU="></latexit><latexit sha1_base64="HQABRUXlJ+cDOBRDWEa9x09U5VU="></latexit><latexit sha1_base64="HQABRUXlJ+cDOBRDWEa9x09U5VU="></latexit>



ALPs across the scales

6

LHC: resonances, Higgs decays, …

cosmology, table tops: ALPS II, …

ma
<latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="15hA4E4tFxnIxwADYVhX4XyWqAo="></latexit><latexit sha1_base64="15hA4E4tFxnIxwADYVhX4XyWqAo="></latexit><latexit sha1_base64="oKPcA1X5nC4HZYKNa/RmiMi/w+k="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit>

fa
<latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="trjCd8mSpk14u4bmowl5Gy2iuT4="></latexit><latexit sha1_base64="trjCd8mSpk14u4bmowl5Gy2iuT4="></latexit><latexit sha1_base64="JOzASMyvnJKnY/CJNYdcG1ig6yo="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit>

TeV

GeV

eV

w
av

e
pa

rti
cl

e

LHC, Belle II, fixed-target
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<latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="15hA4E4tFxnIxwADYVhX4XyWqAo="></latexit><latexit sha1_base64="15hA4E4tFxnIxwADYVhX4XyWqAo="></latexit><latexit sha1_base64="oKPcA1X5nC4HZYKNa/RmiMi/w+k="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit>

pa
rti

cl
e

fa
<latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="trjCd8mSpk14u4bmowl5Gy2iuT4="></latexit><latexit sha1_base64="trjCd8mSpk14u4bmowl5Gy2iuT4="></latexit><latexit sha1_base64="JOzASMyvnJKnY/CJNYdcG1ig6yo="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit>

TeV

eV

w
av

e

Le↵ =
X

f 6=t

cij
2

@µa

fa
(f i�µ�5fj) +

X

V=�,g

cV V
a

fa

g2

(4⇡)2
Vµ⌫

eV µ⌫

<latexit sha1_base64="bLz1GPVBv8kEFckr2Tz2kXfNP10="></latexit><latexit sha1_base64="bLz1GPVBv8kEFckr2Tz2kXfNP10="></latexit><latexit sha1_base64="bLz1GPVBv8kEFckr2Tz2kXfNP10="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="QQrId52XUZuTnwITA8m4E+TR+F4="></latexit><latexit sha1_base64="QQrId52XUZuTnwITA8m4E+TR+F4="></latexit><latexit sha1_base64="Z2Y8F7cLwjujwPIzjXF+hgbEBoA="></latexit><latexit sha1_base64="bLz1GPVBv8kEFckr2Tz2kXfNP10="></latexit><latexit sha1_base64="bLz1GPVBv8kEFckr2Tz2kXfNP10="></latexit><latexit sha1_base64="bLz1GPVBv8kEFckr2Tz2kXfNP10="></latexit><latexit sha1_base64="bLz1GPVBv8kEFckr2Tz2kXfNP10="></latexit><latexit sha1_base64="bLz1GPVBv8kEFckr2Tz2kXfNP10="></latexit><latexit sha1_base64="bLz1GPVBv8kEFckr2Tz2kXfNP10="></latexit>

Le↵ =
X

f

cff
2

@µa

fa
(f�µ�5f) +

X

V=G,W,B

cV V
a

fa

g2

(4⇡)2
Vµ⌫

eV µ⌫

<latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="O5l7hjqJ2slPv8LDHLAxIUSb3VA="></latexit><latexit sha1_base64="O5l7hjqJ2slPv8LDHLAxIUSb3VA="></latexit><latexit sha1_base64="aWzvwm0pDFUiWccoqsiNpJHytws="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit>

GeV chiral SB

Le↵ = L�PT (a,⇡)
<latexit sha1_base64="PaBbCQbBTSMBJFKnyPfN+w6OpXs="></latexit><latexit sha1_base64="PaBbCQbBTSMBJFKnyPfN+w6OpXs="></latexit><latexit sha1_base64="PaBbCQbBTSMBJFKnyPfN+w6OpXs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PzOInWrQRNFGVTyKhdYEoL15dgI="></latexit><latexit sha1_base64="PzOInWrQRNFGVTyKhdYEoL15dgI="></latexit><latexit sha1_base64="t6vTrf6n27v96s4XpOVqDRVCcO4="></latexit><latexit sha1_base64="PaBbCQbBTSMBJFKnyPfN+w6OpXs="></latexit><latexit sha1_base64="PaBbCQbBTSMBJFKnyPfN+w6OpXs="></latexit><latexit sha1_base64="PaBbCQbBTSMBJFKnyPfN+w6OpXs="></latexit><latexit sha1_base64="PaBbCQbBTSMBJFKnyPfN+w6OpXs="></latexit><latexit sha1_base64="PaBbCQbBTSMBJFKnyPfN+w6OpXs="></latexit><latexit sha1_base64="PaBbCQbBTSMBJFKnyPfN+w6OpXs="></latexit>

c(µ)
<latexit sha1_base64="4tAu4H4ps+RdaNReIfPGeHREaI0="></latexit><latexit sha1_base64="4tAu4H4ps+RdaNReIfPGeHREaI0="></latexit><latexit sha1_base64="4tAu4H4ps+RdaNReIfPGeHREaI0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="g2qRZ1eCtZ9Zyizlksj7rkAyGMY="></latexit><latexit sha1_base64="g2qRZ1eCtZ9Zyizlksj7rkAyGMY="></latexit><latexit sha1_base64="NSNK+YRHMTIgCsQ45LqsuY/OyRY="></latexit><latexit sha1_base64="4tAu4H4ps+RdaNReIfPGeHREaI0="></latexit><latexit sha1_base64="4tAu4H4ps+RdaNReIfPGeHREaI0="></latexit><latexit sha1_base64="4tAu4H4ps+RdaNReIfPGeHREaI0="></latexit><latexit sha1_base64="4tAu4H4ps+RdaNReIfPGeHREaI0="></latexit><latexit sha1_base64="4tAu4H4ps+RdaNReIfPGeHREaI0="></latexit><latexit sha1_base64="4tAu4H4ps+RdaNReIfPGeHREaI0="></latexit>

Chala et al. 2012.09017; Bauer et al. 2012.12272

https://arxiv.org/abs/2012.09017
https://arxiv.org/abs/2012.12272
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<latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="15hA4E4tFxnIxwADYVhX4XyWqAo="></latexit><latexit sha1_base64="15hA4E4tFxnIxwADYVhX4XyWqAo="></latexit><latexit sha1_base64="oKPcA1X5nC4HZYKNa/RmiMi/w+k="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit><latexit sha1_base64="k9dbGAdS4eKxs7U1DAvPorKrsqA="></latexit>

pa
rti

cl
e

fa
<latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="trjCd8mSpk14u4bmowl5Gy2iuT4="></latexit><latexit sha1_base64="trjCd8mSpk14u4bmowl5Gy2iuT4="></latexit><latexit sha1_base64="JOzASMyvnJKnY/CJNYdcG1ig6yo="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit><latexit sha1_base64="ZONyAuH/1zA8uns4wz48bkAooRg="></latexit>

TeV

eV
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e

Le↵ =
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fa
(f i�µ�5fj) +

X

V=�,g

cV V
a

fa
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(4⇡)2
Vµ⌫

eV µ⌫

<latexit sha1_base64="bLz1GPVBv8kEFckr2Tz2kXfNP10="></latexit><latexit sha1_base64="bLz1GPVBv8kEFckr2Tz2kXfNP10="></latexit><latexit sha1_base64="bLz1GPVBv8kEFckr2Tz2kXfNP10="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="QQrId52XUZuTnwITA8m4E+TR+F4="></latexit><latexit sha1_base64="QQrId52XUZuTnwITA8m4E+TR+F4="></latexit><latexit sha1_base64="Z2Y8F7cLwjujwPIzjXF+hgbEBoA="></latexit><latexit sha1_base64="bLz1GPVBv8kEFckr2Tz2kXfNP10="></latexit><latexit sha1_base64="bLz1GPVBv8kEFckr2Tz2kXfNP10="></latexit><latexit sha1_base64="bLz1GPVBv8kEFckr2Tz2kXfNP10="></latexit><latexit sha1_base64="bLz1GPVBv8kEFckr2Tz2kXfNP10="></latexit><latexit sha1_base64="bLz1GPVBv8kEFckr2Tz2kXfNP10="></latexit><latexit sha1_base64="bLz1GPVBv8kEFckr2Tz2kXfNP10="></latexit>

Le↵ =
X

f

cff
2

@µa

fa
(f�µ�5f) +

X

V=G,W,B

cV V
a

fa

g2

(4⇡)2
Vµ⌫

eV µ⌫

<latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="O5l7hjqJ2slPv8LDHLAxIUSb3VA="></latexit><latexit sha1_base64="O5l7hjqJ2slPv8LDHLAxIUSb3VA="></latexit><latexit sha1_base64="aWzvwm0pDFUiWccoqsiNpJHytws="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit>

GeV chiral SB

c(µ)
<latexit sha1_base64="4tAu4H4ps+RdaNReIfPGeHREaI0="></latexit><latexit sha1_base64="4tAu4H4ps+RdaNReIfPGeHREaI0="></latexit><latexit sha1_base64="4tAu4H4ps+RdaNReIfPGeHREaI0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="g2qRZ1eCtZ9Zyizlksj7rkAyGMY="></latexit><latexit sha1_base64="g2qRZ1eCtZ9Zyizlksj7rkAyGMY="></latexit><latexit sha1_base64="NSNK+YRHMTIgCsQ45LqsuY/OyRY="></latexit><latexit sha1_base64="4tAu4H4ps+RdaNReIfPGeHREaI0="></latexit><latexit sha1_base64="4tAu4H4ps+RdaNReIfPGeHREaI0="></latexit><latexit sha1_base64="4tAu4H4ps+RdaNReIfPGeHREaI0="></latexit><latexit sha1_base64="4tAu4H4ps+RdaNReIfPGeHREaI0="></latexit><latexit sha1_base64="4tAu4H4ps+RdaNReIfPGeHREaI0="></latexit><latexit sha1_base64="4tAu4H4ps+RdaNReIfPGeHREaI0="></latexit>

flavor-changing couplings

t t

b
<latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="9XVdpWeVHG/6C0l2qo6vbRhok5w="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit> s

<latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="0K3pH0pZHA1XvaN3C2qi6UDNHOc="></latexit><latexit sha1_base64="0K3pH0pZHA1XvaN3C2qi6UDNHOc="></latexit><latexit sha1_base64="BfcSiZhy/d/Mz+8nEKKVyygOdFw="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit>

W
<latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+vTG1+0slT+0HIS675LMFxks908="></latexit><latexit sha1_base64="+vTG1+0slT+0HIS675LMFxks908="></latexit><latexit sha1_base64="bTsg7Ccmqk69iTzdEtyOMjjp/6w="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit>

a
<latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="I6Jc3CYgV1De0hehomgyBPuDTmU="></latexit><latexit sha1_base64="I6Jc3CYgV1De0hehomgyBPuDTmU="></latexit><latexit sha1_base64="JZgb7AteD7fl0J/x66ZIdpuoT+M="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit>

b
<latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="9XVdpWeVHG/6C0l2qo6vbRhok5w="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit>

s
<latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="0K3pH0pZHA1XvaN3C2qi6UDNHOc="></latexit><latexit sha1_base64="0K3pH0pZHA1XvaN3C2qi6UDNHOc="></latexit><latexit sha1_base64="BfcSiZhy/d/Mz+8nEKKVyygOdFw="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit>

a
<latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="I6Jc3CYgV1De0hehomgyBPuDTmU="></latexit><latexit sha1_base64="I6Jc3CYgV1De0hehomgyBPuDTmU="></latexit><latexit sha1_base64="JZgb7AteD7fl0J/x66ZIdpuoT+M="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit>

csb(µw) ⇠ ctt
y2t

(4⇡)2
<latexit sha1_base64="+KmQkugmbvd70omoVSFfYsrbu8s="></latexit><latexit sha1_base64="+KmQkugmbvd70omoVSFfYsrbu8s="></latexit><latexit sha1_base64="+KmQkugmbvd70omoVSFfYsrbu8s="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="eVkUhG6ciIV8VZp3Elm5lXJ4Dws="></latexit><latexit sha1_base64="eVkUhG6ciIV8VZp3Elm5lXJ4Dws="></latexit><latexit sha1_base64="GF+kn86lDkPQjr0VF6g79DDwMnU="></latexit><latexit sha1_base64="+KmQkugmbvd70omoVSFfYsrbu8s="></latexit><latexit sha1_base64="+KmQkugmbvd70omoVSFfYsrbu8s="></latexit><latexit sha1_base64="+KmQkugmbvd70omoVSFfYsrbu8s="></latexit><latexit sha1_base64="+KmQkugmbvd70omoVSFfYsrbu8s="></latexit><latexit sha1_base64="+KmQkugmbvd70omoVSFfYsrbu8s="></latexit><latexit sha1_base64="+KmQkugmbvd70omoVSFfYsrbu8s="></latexit>
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<latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="O5l7hjqJ2slPv8LDHLAxIUSb3VA="></latexit><latexit sha1_base64="O5l7hjqJ2slPv8LDHLAxIUSb3VA="></latexit><latexit sha1_base64="aWzvwm0pDFUiWccoqsiNpJHytws="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit><latexit sha1_base64="SQjoYBMGhgp8Mep6nbs6xnu0tUw="></latexit>

a
<latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="I6Jc3CYgV1De0hehomgyBPuDTmU="></latexit><latexit sha1_base64="I6Jc3CYgV1De0hehomgyBPuDTmU="></latexit><latexit sha1_base64="JZgb7AteD7fl0J/x66ZIdpuoT+M="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit>

B
<latexit sha1_base64="VNPSxp6GahqmcBx4E7/De5IZBGc="></latexit><latexit sha1_base64="VNPSxp6GahqmcBx4E7/De5IZBGc="></latexit><latexit sha1_base64="VNPSxp6GahqmcBx4E7/De5IZBGc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="fAp5OVWR8Sv30RxacOklPNnYezc="></latexit><latexit sha1_base64="fAp5OVWR8Sv30RxacOklPNnYezc="></latexit><latexit sha1_base64="jHd1CxzU8GgFEASY+suFjkqZqBU="></latexit><latexit sha1_base64="VNPSxp6GahqmcBx4E7/De5IZBGc="></latexit><latexit sha1_base64="VNPSxp6GahqmcBx4E7/De5IZBGc="></latexit><latexit sha1_base64="VNPSxp6GahqmcBx4E7/De5IZBGc="></latexit><latexit sha1_base64="VNPSxp6GahqmcBx4E7/De5IZBGc="></latexit><latexit sha1_base64="VNPSxp6GahqmcBx4E7/De5IZBGc="></latexit><latexit sha1_base64="VNPSxp6GahqmcBx4E7/De5IZBGc="></latexit>

K
<latexit sha1_base64="WPq1fppu0iJ4hfWbe5Fq11kZGiI="></latexit><latexit sha1_base64="WPq1fppu0iJ4hfWbe5Fq11kZGiI="></latexit><latexit sha1_base64="WPq1fppu0iJ4hfWbe5Fq11kZGiI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="A0EahSqZNaFA50pCQ1slpfx2Wvc="></latexit><latexit sha1_base64="A0EahSqZNaFA50pCQ1slpfx2Wvc="></latexit><latexit sha1_base64="GTVcjMuWMfV+Uy86jbfScs6c4pY="></latexit><latexit sha1_base64="WPq1fppu0iJ4hfWbe5Fq11kZGiI="></latexit><latexit sha1_base64="WPq1fppu0iJ4hfWbe5Fq11kZGiI="></latexit><latexit sha1_base64="WPq1fppu0iJ4hfWbe5Fq11kZGiI="></latexit><latexit sha1_base64="WPq1fppu0iJ4hfWbe5Fq11kZGiI="></latexit><latexit sha1_base64="WPq1fppu0iJ4hfWbe5Fq11kZGiI="></latexit><latexit sha1_base64="WPq1fppu0iJ4hfWbe5Fq11kZGiI="></latexit>

a
<latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="I6Jc3CYgV1De0hehomgyBPuDTmU="></latexit><latexit sha1_base64="I6Jc3CYgV1De0hehomgyBPuDTmU="></latexit><latexit sha1_base64="JZgb7AteD7fl0J/x66ZIdpuoT+M="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit>

�
<latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="XKMTKfSxP08TJzSWMgpyk9lDmrY="></latexit><latexit sha1_base64="XKMTKfSxP08TJzSWMgpyk9lDmrY="></latexit><latexit sha1_base64="x6FG4NrSIpUVG+WsHkpsYxwhXhA="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit>

�
<latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="XKMTKfSxP08TJzSWMgpyk9lDmrY="></latexit><latexit sha1_base64="XKMTKfSxP08TJzSWMgpyk9lDmrY="></latexit><latexit sha1_base64="x6FG4NrSIpUVG+WsHkpsYxwhXhA="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit>

decay

`+
<latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="eUHQAsQTNWN9g9Zl8OToaH/cNRE="></latexit><latexit sha1_base64="eUHQAsQTNWN9g9Zl8OToaH/cNRE="></latexit><latexit sha1_base64="Ty/grhMC+sBSICjnY3jx/1KIgOE="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit>

`�
<latexit sha1_base64="ACRv2qa4YCN1e2JOfC8NylAoEKQ="></latexit><latexit sha1_base64="ACRv2qa4YCN1e2JOfC8NylAoEKQ="></latexit><latexit sha1_base64="ACRv2qa4YCN1e2JOfC8NylAoEKQ="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="ICWO6FyyCCnhUTCKF0RanXk0DmY="></latexit><latexit sha1_base64="ICWO6FyyCCnhUTCKF0RanXk0DmY="></latexit><latexit sha1_base64="x6VgS/NpkG08OVCxc+sqOxKwjVU="></latexit><latexit sha1_base64="ACRv2qa4YCN1e2JOfC8NylAoEKQ="></latexit><latexit sha1_base64="ACRv2qa4YCN1e2JOfC8NylAoEKQ="></latexit><latexit sha1_base64="ACRv2qa4YCN1e2JOfC8NylAoEKQ="></latexit><latexit sha1_base64="ACRv2qa4YCN1e2JOfC8NylAoEKQ="></latexit><latexit sha1_base64="ACRv2qa4YCN1e2JOfC8NylAoEKQ="></latexit><latexit sha1_base64="ACRv2qa4YCN1e2JOfC8NylAoEKQ="></latexit>

a
<latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="I6Jc3CYgV1De0hehomgyBPuDTmU="></latexit><latexit sha1_base64="I6Jc3CYgV1De0hehomgyBPuDTmU="></latexit><latexit sha1_base64="JZgb7AteD7fl0J/x66ZIdpuoT+M="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit>

�
<latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="XKMTKfSxP08TJzSWMgpyk9lDmrY="></latexit><latexit sha1_base64="XKMTKfSxP08TJzSWMgpyk9lDmrY="></latexit><latexit sha1_base64="x6FG4NrSIpUVG+WsHkpsYxwhXhA="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit>

�
<latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="XKMTKfSxP08TJzSWMgpyk9lDmrY="></latexit><latexit sha1_base64="XKMTKfSxP08TJzSWMgpyk9lDmrY="></latexit><latexit sha1_base64="x6FG4NrSIpUVG+WsHkpsYxwhXhA="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit><latexit sha1_base64="s86HqnIDGNae56DFeC9DZQ8ZapU="></latexit>

a
<latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="I6Jc3CYgV1De0hehomgyBPuDTmU="></latexit><latexit sha1_base64="I6Jc3CYgV1De0hehomgyBPuDTmU="></latexit><latexit sha1_base64="JZgb7AteD7fl0J/x66ZIdpuoT+M="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit>

a
<latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="I6Jc3CYgV1De0hehomgyBPuDTmU="></latexit><latexit sha1_base64="I6Jc3CYgV1De0hehomgyBPuDTmU="></latexit><latexit sha1_base64="JZgb7AteD7fl0J/x66ZIdpuoT+M="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit>

⇡
<latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="lnchxUx7+VpwaWO2InIQBuzb4jE="></latexit><latexit sha1_base64="lnchxUx7+VpwaWO2InIQBuzb4jE="></latexit><latexit sha1_base64="BvIL6gvr3166buCjBOn02DxMMYw="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit>

⇡
<latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="lnchxUx7+VpwaWO2InIQBuzb4jE="></latexit><latexit sha1_base64="lnchxUx7+VpwaWO2InIQBuzb4jE="></latexit><latexit sha1_base64="BvIL6gvr3166buCjBOn02DxMMYw="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit>

⇡
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Figure 2: ALP decay length c⌧a as a function of the ALP mass ma, for the two benchmark

scenarios with cff (⇤) = 1 (blue) and cWW (⇤) = 1 (orange) with ⇤ = 4⇡TeV.

is given by

Pa(r|��) = exp

✓
�

r

da

◆
, da = ��c⌧a , (3.1)

where da is the ALP’s decay length, defined in the laboratory frame. To obtain the average

probability hPai for an ALP to decay outside the detector in a sample of N events, we sum

over all trajectories inside the detector volume and take into account the respective boost,

hPai =
1

N

NX

k=1

Pa(rk|��k) . (3.2)

Here rk is the distance between the ALP production point and the point where it leaves

the detector. If the ALP is produced in meson decays, the expected event rate for ALP

decays inside the detector is given by

Na(B ! KX) = NB B(B ! Ka)⇥ B(a ! X)⇥
�
1� hPai

�
, (3.3)

where NB is the number of B mesons produced in an experiment. For invisible ALPs, the

event rate is

Na(B ! K /E) = NB B(B ! Ka)⇥
�
B(a ! X)⇥ hPai+ B(a ! inv)

�
. (3.4)

Here X refers to visible final states. Analogous expressions apply for K ! ⇡ decays.

In this section we investigate the interplay of visible and invisible ALPs at flavor and fixed-

target experiments. We derive bounds from existing searches for rare meson decays that can

be interpreted in terms of ALPs. In Sec. 3.1, we focus on signatures with displaced leptons,

most notably a search by LHCb for light resonances in B ! Kµ+µ� decays with displaced

– 7 –

a ! ee
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a ! ��
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a ! µµ
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� exp
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Figure 1: Example Feynman diagram for the production and decay of a long-lived ALP at
the LHC via pp ! tt̄a, a ! µµ̄. The dotted line illustrates that ALP decays at a distance
from its production point. The small black circle indicates the effective ALP-top coupling,
and the large white circle indicates the loop-induced ALP coupling to muons.

In Fig. 1, we show a representative Feynman diagram of the LHC process

pp ! tt̄a, a ! µµ̄. (2.1)

A resonant long-lived ALP is produced in top-antitop events from proton-proton collisions
and decays into a displaced muon-antimuon pair. In general, other decay channels like
e
+
e
�, ⌧

+
⌧
�, ��, or qq̄ are possible, depending on the mass and couplings of the LLP. In

this work, we focus on the µ
+
µ
� final state, which can be reconstructed well in the LHC

detectors.

2.1 Signal event rate

The expected number of top-associated LLPs “a” produced at the LHC with a given inte-
grated luminosity L is

N = L�(pp ! tt̄a), (2.2)

where � is the hadronic cross section at a fixed proton-proton collision energy. The decay
length of the LLP in the laboratory frame, da = ��c⌧a, is determined by its lifetime ⌧a

and Lorentz boost ��. For an LLP with decay length da, produced in the direction ~ra, the
probability to decay within a radial interval �ra = r

out
a � r

in
a is

Pa(da;~ra) = exp

✓
�r

in
a

da

◆
� exp

✓
�r

out
a

da

◆
. (2.3)

In practice, r
in
a and r

out
a are the distances from the production point to where the particle’s

trajectory intersects with the detector boundaries. For a sample of N produced LLP events,
the fraction of LLPs that decay within a detector volume V is then

Na(V ) = L 1

N

NX

a=1

� (pp ! tt̄ a |da;~ra) Pa (da;~ra) , (2.4)

– 3 –

:  Esser et al. 2303.17634pp ! tt̄a, a ! /E
<latexit sha1_base64="yKPwyBELS2lQBB1w+xxO1UmwMgE="></latexit><latexit sha1_base64="yKPwyBELS2lQBB1w+xxO1UmwMgE="></latexit><latexit sha1_base64="yKPwyBELS2lQBB1w+xxO1UmwMgE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="AaN3vyZov93yO20hKyekbL1xJ8I="></latexit><latexit sha1_base64="AaN3vyZov93yO20hKyekbL1xJ8I="></latexit><latexit sha1_base64="nN6sw9riq5lX0iX3yULVUU/Bglg="></latexit><latexit sha1_base64="yKPwyBELS2lQBB1w+xxO1UmwMgE="></latexit><latexit sha1_base64="yKPwyBELS2lQBB1w+xxO1UmwMgE="></latexit><latexit sha1_base64="yKPwyBELS2lQBB1w+xxO1UmwMgE="></latexit><latexit sha1_base64="yKPwyBELS2lQBB1w+xxO1UmwMgE="></latexit><latexit sha1_base64="yKPwyBELS2lQBB1w+xxO1UmwMgE="></latexit><latexit sha1_base64="yKPwyBELS2lQBB1w+xxO1UmwMgE="></latexit>

:  Carmona et al. 2202.09371pp ! tt̄, t ! ca
<latexit sha1_base64="mfqHtNkpw3HRYrPPnv2UsqAF3Ks="></latexit><latexit sha1_base64="mfqHtNkpw3HRYrPPnv2UsqAF3Ks="></latexit><latexit sha1_base64="mfqHtNkpw3HRYrPPnv2UsqAF3Ks="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="uZ2NN81uEKFO7nark9Nq9Wyp1Qw="></latexit><latexit sha1_base64="uZ2NN81uEKFO7nark9Nq9Wyp1Qw="></latexit><latexit sha1_base64="DqOhbGokaXLjs98RJqZwZYUkjD0="></latexit><latexit sha1_base64="mfqHtNkpw3HRYrPPnv2UsqAF3Ks="></latexit><latexit sha1_base64="mfqHtNkpw3HRYrPPnv2UsqAF3Ks="></latexit><latexit sha1_base64="mfqHtNkpw3HRYrPPnv2UsqAF3Ks="></latexit><latexit sha1_base64="mfqHtNkpw3HRYrPPnv2UsqAF3Ks="></latexit><latexit sha1_base64="mfqHtNkpw3HRYrPPnv2UsqAF3Ks="></latexit><latexit sha1_base64="mfqHtNkpw3HRYrPPnv2UsqAF3Ks="></latexit>

displaced vertex
Rygaard, SW et al. 2306.08686

ctt
<latexit sha1_base64="dusMzObAXutzEGJgzneJxlI9zY0="></latexit><latexit sha1_base64="dusMzObAXutzEGJgzneJxlI9zY0="></latexit><latexit sha1_base64="dusMzObAXutzEGJgzneJxlI9zY0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="dDER7y1qHFgWd8E/LasB93EPuxA="></latexit><latexit sha1_base64="dDER7y1qHFgWd8E/LasB93EPuxA="></latexit><latexit sha1_base64="t7eXu+tdbWufScNuw9CsfY3447g="></latexit><latexit sha1_base64="dusMzObAXutzEGJgzneJxlI9zY0="></latexit><latexit sha1_base64="dusMzObAXutzEGJgzneJxlI9zY0="></latexit><latexit sha1_base64="dusMzObAXutzEGJgzneJxlI9zY0="></latexit><latexit sha1_base64="dusMzObAXutzEGJgzneJxlI9zY0="></latexit><latexit sha1_base64="dusMzObAXutzEGJgzneJxlI9zY0="></latexit><latexit sha1_base64="dusMzObAXutzEGJgzneJxlI9zY0="></latexit>

ctt
<latexit sha1_base64="dusMzObAXutzEGJgzneJxlI9zY0="></latexit><latexit sha1_base64="dusMzObAXutzEGJgzneJxlI9zY0="></latexit><latexit sha1_base64="dusMzObAXutzEGJgzneJxlI9zY0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="dDER7y1qHFgWd8E/LasB93EPuxA="></latexit><latexit sha1_base64="dDER7y1qHFgWd8E/LasB93EPuxA="></latexit><latexit sha1_base64="t7eXu+tdbWufScNuw9CsfY3447g="></latexit><latexit sha1_base64="dusMzObAXutzEGJgzneJxlI9zY0="></latexit><latexit sha1_base64="dusMzObAXutzEGJgzneJxlI9zY0="></latexit><latexit sha1_base64="dusMzObAXutzEGJgzneJxlI9zY0="></latexit><latexit sha1_base64="dusMzObAXutzEGJgzneJxlI9zY0="></latexit><latexit sha1_base64="dusMzObAXutzEGJgzneJxlI9zY0="></latexit><latexit sha1_base64="dusMzObAXutzEGJgzneJxlI9zY0="></latexit>

https://arxiv.org/abs/2303.17634
https://arxiv.org/abs/2202.09371
https://arxiv.org/abs/2306.08686


LHC: ALPs in top-antitop production

13

g
<latexit sha1_base64="/Nd3pibnAmtFoDuf+0XuLOs2DjU="></latexit><latexit sha1_base64="/Nd3pibnAmtFoDuf+0XuLOs2DjU="></latexit><latexit sha1_base64="/Nd3pibnAmtFoDuf+0XuLOs2DjU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="xJqEi1Vn/WJ8RIe28xQXWz+BdX0="></latexit><latexit sha1_base64="xJqEi1Vn/WJ8RIe28xQXWz+BdX0="></latexit><latexit sha1_base64="fzv5Jal0E8GOUPxzc2fcYIe3d0o="></latexit><latexit sha1_base64="/Nd3pibnAmtFoDuf+0XuLOs2DjU="></latexit><latexit sha1_base64="/Nd3pibnAmtFoDuf+0XuLOs2DjU="></latexit><latexit sha1_base64="/Nd3pibnAmtFoDuf+0XuLOs2DjU="></latexit><latexit sha1_base64="/Nd3pibnAmtFoDuf+0XuLOs2DjU="></latexit><latexit sha1_base64="/Nd3pibnAmtFoDuf+0XuLOs2DjU="></latexit><latexit sha1_base64="/Nd3pibnAmtFoDuf+0XuLOs2DjU="></latexit>

g
<latexit sha1_base64="/Nd3pibnAmtFoDuf+0XuLOs2DjU="></latexit><latexit sha1_base64="/Nd3pibnAmtFoDuf+0XuLOs2DjU="></latexit><latexit sha1_base64="/Nd3pibnAmtFoDuf+0XuLOs2DjU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="xJqEi1Vn/WJ8RIe28xQXWz+BdX0="></latexit><latexit sha1_base64="xJqEi1Vn/WJ8RIe28xQXWz+BdX0="></latexit><latexit sha1_base64="fzv5Jal0E8GOUPxzc2fcYIe3d0o="></latexit><latexit sha1_base64="/Nd3pibnAmtFoDuf+0XuLOs2DjU="></latexit><latexit sha1_base64="/Nd3pibnAmtFoDuf+0XuLOs2DjU="></latexit><latexit sha1_base64="/Nd3pibnAmtFoDuf+0XuLOs2DjU="></latexit><latexit sha1_base64="/Nd3pibnAmtFoDuf+0XuLOs2DjU="></latexit><latexit sha1_base64="/Nd3pibnAmtFoDuf+0XuLOs2DjU="></latexit><latexit sha1_base64="/Nd3pibnAmtFoDuf+0XuLOs2DjU="></latexit>

t
<latexit sha1_base64="piy1qEMV4+8Ngr50HUtzxmFpu/k="></latexit><latexit sha1_base64="piy1qEMV4+8Ngr50HUtzxmFpu/k="></latexit><latexit sha1_base64="piy1qEMV4+8Ngr50HUtzxmFpu/k="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="dZDgqBcxa4embSsRbWdTgUyeg/A="></latexit><latexit sha1_base64="dZDgqBcxa4embSsRbWdTgUyeg/A="></latexit><latexit sha1_base64="pR+1nm4oQKaevVX0EXbBGZ+aMqM="></latexit><latexit sha1_base64="piy1qEMV4+8Ngr50HUtzxmFpu/k="></latexit><latexit sha1_base64="piy1qEMV4+8Ngr50HUtzxmFpu/k="></latexit><latexit sha1_base64="piy1qEMV4+8Ngr50HUtzxmFpu/k="></latexit><latexit sha1_base64="piy1qEMV4+8Ngr50HUtzxmFpu/k="></latexit><latexit sha1_base64="piy1qEMV4+8Ngr50HUtzxmFpu/k="></latexit><latexit sha1_base64="piy1qEMV4+8Ngr50HUtzxmFpu/k="></latexit>

t̄
<latexit sha1_base64="1gedX1pQ2qE+WOoD6XTOZguTB4w="></latexit><latexit sha1_base64="1gedX1pQ2qE+WOoD6XTOZguTB4w="></latexit><latexit sha1_base64="1gedX1pQ2qE+WOoD6XTOZguTB4w="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="8CMa1dy+mjyD6VdAM7N6zJ5s5jc="></latexit><latexit sha1_base64="1gedX1pQ2qE+WOoD6XTOZguTB4w="></latexit><latexit sha1_base64="1gedX1pQ2qE+WOoD6XTOZguTB4w="></latexit><latexit sha1_base64="1gedX1pQ2qE+WOoD6XTOZguTB4w="></latexit><latexit sha1_base64="1gedX1pQ2qE+WOoD6XTOZguTB4w="></latexit><latexit sha1_base64="1gedX1pQ2qE+WOoD6XTOZguTB4w="></latexit><latexit sha1_base64="1gedX1pQ2qE+WOoD6XTOZguTB4w="></latexit>

a
<latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="I6Jc3CYgV1De0hehomgyBPuDTmU="></latexit><latexit sha1_base64="I6Jc3CYgV1De0hehomgyBPuDTmU="></latexit><latexit sha1_base64="JZgb7AteD7fl0J/x66ZIdpuoT+M="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit><latexit sha1_base64="WEBruuVlnddyWvVXGTvRioondrs="></latexit>

µ
<latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mNf5zo99zQoe+8esR0IYAdCAoG4="></latexit><latexit sha1_base64="mNf5zo99zQoe+8esR0IYAdCAoG4="></latexit><latexit sha1_base64="IFxsBHIFv8nvMZi6HsKqJxBWdmE="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit>

µ̄
<latexit sha1_base64="FsFUaUGJxXv6vfRWIVVNHavkVF8="></latexit><latexit sha1_base64="FsFUaUGJxXv6vfRWIVVNHavkVF8="></latexit><latexit sha1_base64="FsFUaUGJxXv6vfRWIVVNHavkVF8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="INoMVLoWsRAFSvWvj7/Rx8P3qWY="></latexit><latexit sha1_base64="INoMVLoWsRAFSvWvj7/Rx8P3qWY="></latexit><latexit sha1_base64="yPxq1BLbfViqbEA3zxP4kKP7beY="></latexit><latexit sha1_base64="FsFUaUGJxXv6vfRWIVVNHavkVF8="></latexit><latexit sha1_base64="FsFUaUGJxXv6vfRWIVVNHavkVF8="></latexit><latexit sha1_base64="FsFUaUGJxXv6vfRWIVVNHavkVF8="></latexit><latexit sha1_base64="FsFUaUGJxXv6vfRWIVVNHavkVF8="></latexit><latexit sha1_base64="FsFUaUGJxXv6vfRWIVVNHavkVF8="></latexit><latexit sha1_base64="FsFUaUGJxXv6vfRWIVVNHavkVF8="></latexit>

Figure 1: Example Feynman diagram for the production and decay of a long-lived ALP at
the LHC via pp ! tt̄a, a ! µµ̄. The dotted line illustrates that ALP decays at a distance
from its production point. The small black circle indicates the effective ALP-top coupling,
and the large white circle indicates the loop-induced ALP coupling to muons.

In Fig. 1, we show a representative Feynman diagram of the LHC process

pp ! tt̄a, a ! µµ̄. (2.1)

A resonant long-lived ALP is produced in top-antitop events from proton-proton collisions
and decays into a displaced muon-antimuon pair. In general, other decay channels like
e
+
e
�, ⌧

+
⌧
�, ��, or qq̄ are possible, depending on the mass and couplings of the LLP. In

this work, we focus on the µ
+
µ
� final state, which can be reconstructed well in the LHC

detectors.

2.1 Signal event rate

The expected number of top-associated LLPs “a” produced at the LHC with a given inte-
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where � is the hadronic cross section at a fixed proton-proton collision energy. The decay
length of the LLP in the laboratory frame, da = ��c⌧a, is determined by its lifetime ⌧a

and Lorentz boost ��. For an LLP with decay length da, produced in the direction ~ra, the
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Figure 1: Example Feynman diagram for the production and decay of a long-lived ALP at
the LHC via pp ! tt̄a, a ! µµ̄. The dotted line illustrates that ALP decays at a distance
from its production point. The small black circle indicates the effective ALP-top coupling,
and the large white circle indicates the loop-induced ALP coupling to muons.

In Fig. 1, we show a representative Feynman diagram of the LHC process

pp ! tt̄a, a ! µµ̄. (2.1)

A resonant long-lived ALP is produced in top-antitop events from proton-proton collisions
and decays into a displaced muon-antimuon pair. In general, other decay channels like
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⌧
�, ��, or qq̄ are possible, depending on the mass and couplings of the LLP. In

this work, we focus on the µ
+
µ
� final state, which can be reconstructed well in the LHC

detectors.

2.1 Signal event rate

The expected number of top-associated LLPs “a” produced at the LHC with a given inte-
grated luminosity L is

N = L�(pp ! tt̄a), (2.2)

where � is the hadronic cross section at a fixed proton-proton collision energy. The decay
length of the LLP in the laboratory frame, da = ��c⌧a, is determined by its lifetime ⌧a

and Lorentz boost ��. For an LLP with decay length da, produced in the direction ~ra, the
probability to decay within a radial interval �ra = r
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In practice, r
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a are the distances from the production point to where the particle’s

trajectory intersects with the detector boundaries. For a sample of N produced LLP events,
the fraction of LLPs that decay within a detector volume V is then
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Figure 6: The transverse displacement lxy of the least displaced muon after event selection,
for various ALP signal benchmarks (colored lines) and background from tt̄j events (gray
regions). Displaced decays within the pixel tracker (in 6 bins) and the outer tracker are
shown, with the binning used in the analysis.

(including all 15 benchmarks used in this analysis) ranging from 0.3 to 10 GeV. Between
mass points, we use a linear interpolation.

The uncertainty in the luminosity measurement in CMS is around 2�3% [60]. However,
in order to accommodate other uncertainties affecting both signal and background in the
same way (such as displaced vertex reconstruction resolution, or di-muon mass resolution),
we assume a conservative overall systematic uncertainty of 10% in the integrated luminosity
when computing expected limits.

4.1 ALP benchmark scenario

To calculate the expected upper limits on the cross section �(pp ! tt̄a) ⇥ B(a ! µµ̄) and
on the ALP-top coupling |ctt|/fa, we use the events that pass the event selection shown in
Tables 2 and 3. We categorize these events based on the displacement of the reconstructed
vertex. These categories include six bins for the pixel tracker and one bin for the outer
tracker (see Fig. 6).

The results are shown in Fig. 8, where we display the expected 95% confidence level
(CL) upper limits on �(pp ! tt̄a)⇥B(a ! µµ̄) (left panel) and on |ctt|/fa (right panel), as
a function of the ALP mass. The predicted limits correspond to an integrated luminosity
of 150 fb�1 collected at the LHC during Run 2. To obtain projections for the HL-LHC,
we simply upscale the data luminosity to 3 ab�1. The sensitivity is highest for small ALP
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t-tbar kinematics

t-tbar+MET
Esser et al. 2303.17634

meson decays

https://arxiv.org/abs/2303.17634
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<latexit sha1_base64="tMtFL4scv51L6XsUXS4ca+cSNJE="></latexit><latexit sha1_base64="tMtFL4scv51L6XsUXS4ca+cSNJE="></latexit><latexit sha1_base64="tMtFL4scv51L6XsUXS4ca+cSNJE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="VyNdihH+x8eOOwLKSkoBnBEwRSE="></latexit><latexit sha1_base64="VyNdihH+x8eOOwLKSkoBnBEwRSE="></latexit><latexit sha1_base64="Gy4HN4cxXw6YwA2m3B9bSC3/+NU="></latexit><latexit sha1_base64="tMtFL4scv51L6XsUXS4ca+cSNJE="></latexit><latexit sha1_base64="tMtFL4scv51L6XsUXS4ca+cSNJE="></latexit><latexit sha1_base64="tMtFL4scv51L6XsUXS4ca+cSNJE="></latexit><latexit sha1_base64="tMtFL4scv51L6XsUXS4ca+cSNJE="></latexit><latexit sha1_base64="tMtFL4scv51L6XsUXS4ca+cSNJE="></latexit><latexit sha1_base64="tMtFL4scv51L6XsUXS4ca+cSNJE="></latexit>

µ
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a
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B(B+ ! K+a) = 0.03
c2tt

TeV2
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B+
<latexit sha1_base64="ql9C89yPfmXG95vRIhXiRJ5V9I8="></latexit><latexit sha1_base64="ql9C89yPfmXG95vRIhXiRJ5V9I8="></latexit><latexit sha1_base64="ql9C89yPfmXG95vRIhXiRJ5V9I8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="aPRl71/D5jxfAClhxclxgVt7S5c="></latexit><latexit sha1_base64="aPRl71/D5jxfAClhxclxgVt7S5c="></latexit><latexit sha1_base64="qXVux1MBP2V6/aq9jqI9qorqOa8="></latexit><latexit sha1_base64="ql9C89yPfmXG95vRIhXiRJ5V9I8="></latexit><latexit sha1_base64="ql9C89yPfmXG95vRIhXiRJ5V9I8="></latexit><latexit sha1_base64="ql9C89yPfmXG95vRIhXiRJ5V9I8="></latexit><latexit sha1_base64="ql9C89yPfmXG95vRIhXiRJ5V9I8="></latexit><latexit sha1_base64="ql9C89yPfmXG95vRIhXiRJ5V9I8="></latexit><latexit sha1_base64="ql9C89yPfmXG95vRIhXiRJ5V9I8="></latexit>

B�
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a
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Figure 6: Two-dimensional distributions of the signal (orange points), misreconstructed

signal (yellow points), and background (black histograms). Shown are projections of the

three-dimensional space of the kinematic variables pT (K), �Kpmiss , and M̂2
B. The number

of background events corresponds to the full simulated sample of 10M events per channel.

Signal events correspond to a sample of 10 k, which we use here for illustration. The dotted

lines indicate selections; the arrows point toward the signal region. Figure 8 shows the same

distributions after selections.

for the signal kaon is generally harder than for the background, resulting in a high selection

purity.The angular distribution �Kpmiss peaks at large angles, as expected from a two-body

decay of a slow B meson. The distribution is broadened for heavier ALPs. The reconstruc-

tion of M̂2
B is dominated by the tag-side B meson and hence is largely independent of the

ALP mass. The tail of the signal M̂2
B distribution comes from neutrinos and other missed

particles produced from tag-side B decays. For ALP masses below a few hundred MeV all

kinematic distributions look identical to the ma = 5MeV benchmark.

For signal events, the variables pT (K) and �Kpmiss exhibit a rather strong correlation. We

also observe a strong, but di↵erent correlation of pT (K) and �Kpmiss for misreconstructed

signal events, as well as a strong correlation of �Kpmiss and M̂2
B. Background events show

strong correlations in all combinations of the three variable. We exploit the di↵erent corre-
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before

Figure 8: Two-dimensional phase-space distributions of the signal (orange points) and

background (black histograms) after selections. Shown are projections of the three-

dimensional space of the kinematic variables pT (K), �Kpmiss , and M̂2
B. Selection cuts

have been applied to the respective third variable not shown in the panel. The dotted lines

indicate the selection cuts; the arrows point toward the signal region. No misreconstructed

signal events are left after selections. In each plot, the background is normalised to the

number of events left over after cuts, so that the gray levels correspond to di↵erent rates

in each plot in this figure and in Fig. 6. Signal events correspond to a sample of 10 k for

illustration. Figure 6 shows the corresponding distributions before selections.

the ALP decay vertex is within the geometric acceptance of the tracking detectors or the

electromagnetic calorimeter, as illustrated in Fig. 9.

After applying the selection cuts from (4.1) and including the detector acceptance, the

signal e�ciency " = Nsel/Ngen ranges around 10%. Here Ngen is the number of generated

signal events and Nsel is the number of events after selection. In Table 1, we show the

number of signal and misreconstructed signal events before and after the selection.

After selection, we have 39 B+B� and 28 B0B̄0 background events left, while no back-

ground from ⌧+⌧� and continuum events remains in generated samples of 10M events per

– 20 –
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ALP signal
misrec. ALP-K pair
background
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Figure 12: Projections for Belle II’s sensitivity to ALPs with e↵ective couplings to

fermions, cff (⇤)/fa (top), and weak gauge bosons, cWW (⇤)/fa (bottom), as a function

of the ALP mass ma. Shown are contours of N = 2.3 events expected in 50 ab�1 of data

from B+
! K+a, a ! X decays with X = e+e� (blue) and µ+µ� (green). The area

enclosed by the contours could be excluded at the 90% CL, assuming zero background.

The region above the orange dashed curve (cf. Fig. 11) could be excluded at 90% CL with

the search for B+
! K+a, a ! inv. proposed in Sec. 4, assuming zero background. For

comparison, we also show the existing bounds on ALPs from Fig. 3.

muons are also largely due to drops in the ALP branching ratios. In the cff scenario the

sensitivity to displaced leptons is expected to dominate due to the large branching ratio

into leptons; for the cWW scenario the sensitivity to photons is more promising. Searches

– 22 –
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c⌧ ⇠ 10 nm
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c⌧ ⇠ 1 cm
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c⌧ ⇠ 1000 km
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Figure 4: Hidden sector coupling ga�� as a function of the product of the hidden sector
and the ALP-fermion coupling, ga�� · gaff , for m� = 10 GeV and ma = 1 GeV. The dashed
line corresponds to the combination of couplings which give the correct DM relic density
⌦DMh

2
= 0.12 as measured by the Planck telescope. Left: Contour plot of the DM relic

density as a function of ga�� ·gaff and gaff , giving the so-called “Mesa” phase diagram: For
our choice of masses six different DM genesis scenarios are possible, namely freeze-in from
the SM, freeze-in from ALPs, sequential freeze-in, decoupled freeze-out (DFO), freeze-out
from the hidden sector and freeze-out from the SM. Right: Different phases of the diagram,
corresponding to equilibrium relations between the three sectors. The equilibrium relations
essentially determine the production mechanism.

4.2 Phase diagram

As described in detail in section 2, the interplay between the three different sectors in our
model, namely the SM particles, the ALP and the DM, gives rise to various DM production
mechanisms. Solving the Boltzmann equations in a large range of hidden sector and connec-
tor couplings and plotting the final abundance as a function of these couplings gives what
in [6] (and later in [7] for the massive mediator case) was dubbed a “Mesa” phase diagram.
For our model, this phase diagram is shown in the left panel of figure 4 for an ALP with
mass ma = 1 GeV and the DM with mass m� = 10 GeV. The dotted line indicates the
combination of couplings ga�� and gaff such that the final abundance corresponds to the
observed DM density.6 To aid the understanding of what follows, we also plot in the right
panel of figure 4 the different phases of the diagram, corresponding to equilibrium relations
between the three sectors, as these essentially determine the production mechanism. Let
us have a look at the various regimes in more detail:7

6Note that we plot the abundance as a function of ga�� and the product of ga�� · gaff as these are the
proportionality factors for the competing DM production processes, cf. table 1.

7This is extensively discussed in ref. [7], and we will therefore only briefly comment on the different
shapes of the regions.
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Figure 4: Hidden sector coupling ga�� as a function of the product of the hidden sector
and the ALP-fermion coupling, ga�� · gaff , for m� = 10 GeV and ma = 1 GeV. The dashed
line corresponds to the combination of couplings which give the correct DM relic density
⌦DMh

2
= 0.12 as measured by the Planck telescope. Left: Contour plot of the DM relic

density as a function of ga�� ·gaff and gaff , giving the so-called “Mesa” phase diagram: For
our choice of masses six different DM genesis scenarios are possible, namely freeze-in from
the SM, freeze-in from ALPs, sequential freeze-in, decoupled freeze-out (DFO), freeze-out
from the hidden sector and freeze-out from the SM. Right: Different phases of the diagram,
corresponding to equilibrium relations between the three sectors. The equilibrium relations
essentially determine the production mechanism.

4.2 Phase diagram

As described in detail in section 2, the interplay between the three different sectors in our
model, namely the SM particles, the ALP and the DM, gives rise to various DM production
mechanisms. Solving the Boltzmann equations in a large range of hidden sector and connec-
tor couplings and plotting the final abundance as a function of these couplings gives what
in [6] (and later in [7] for the massive mediator case) was dubbed a “Mesa” phase diagram.
For our model, this phase diagram is shown in the left panel of figure 4 for an ALP with
mass ma = 1 GeV and the DM with mass m� = 10 GeV. The dotted line indicates the
combination of couplings ga�� and gaff such that the final abundance corresponds to the
observed DM density.6 To aid the understanding of what follows, we also plot in the right
panel of figure 4 the different phases of the diagram, corresponding to equilibrium relations
between the three sectors, as these essentially determine the production mechanism. Let
us have a look at the various regimes in more detail:7

6Note that we plot the abundance as a function of ga�� and the product of ga�� · gaff as these are the
proportionality factors for the competing DM production processes, cf. table 1.

7This is extensively discussed in ref. [7], and we will therefore only briefly comment on the different
shapes of the regions.
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Figure 2: Proper decay length, c⌧a, of an ALP in the top scenario (Eq. 2.8) as a function
of its mass, ma. For a fixed mass, the decay length is fully determined by the top-quark
coupling |ctt(⇤)|/fa, defined at the cutoff scale ⇤ = 4⇡ TeV. The dip around ma = m⇡ is
due to ALP-pion mixing. Vertical lines indicate benchmark ALP masses used in this study.

Where perturbative predictions are possible, the ALP branching ratio into muons in
the top scenario is given by

2mµ < ma < 3m⇡ : B(a ! µµ̄) ⇡ 1 (2.11)

ma > 2 GeV : B(a ! µµ̄) ⇡ �(a ! µµ̄)P
f �(a ! ff̄) ⇥(ma � 2mf )

.

Additional couplings beyond ctt can significantly change the branching ratios.
For our analysis of displaced vertices, we focus on ALPs within the mass range 2mµ <

ma < 2mb. Below the di-muon threshold, the decay into muons is kinematically forbidden;
above the bb̄ threshold, decays into bottom-antibottom pairs result in essentially prompt
decays. Within the mass range, we define the following benchmarks:

ma = {0.3, 0.35, 0.5, 0.9, 1.25, 2, 2.5, 2.75, 3, 4, 8, 8.25, 8.5, 9, 10}GeV. (2.12)

In the first two benchmarks, the ALP decays 100% of the time into muons. In all other
benchmarks, additional decay channels are kinematically allowed and reduce the branching
ratio to muons. The impact of the various decay channels on the proper decay length is
shown in Fig. 2. We will use these benchmarks to study the dependence of the signal
features on the ALP mass and lifetime.

– 6 –
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Figure 5: Kinematic distributions of ALPs produced from B+
! K+a for a fixed ALP

mass ma = 300MeV and various backgrounds before selections. Top left: reconstructed

B meson mass, M̂2
B; top right: opening angle of the leading kaon against the missing

momentum, �Kpmiss ; bottom left: transverse momentum of the leading kaon, pT (K). Signal

and misreconstructed signal events are normalised arbitrarily to one tenth of the number of

background events. Background events are normalised to the total production rates with

50 ab�1 of data luminosity at Belle II. The dotted vertical lines indicate selection cuts;

the arrows point toward the signal region. Figure 7 shows the same distributions after

selections.

tion of M̂2
B is dominated by the tag-side B meson and hence is largely independent of the

ALP mass. The tail of the signal M̂2
B distribution comes from neutrinos and other missed

particles produced from tag-side B decays. For ALP masses below a few hundred MeV all

kinematic distributions look identical to the ma = 5MeV benchmark.

For signal events, the variables pT (K) and �Kpmiss exhibit a rather strong correlation. We

also observe a strong, but di↵erent correlation of pT (K) and �Kpmiss for misreconstructed

signal events, as well as a strong correlation of �Kpmiss and M̂2
B. Background events show

strong correlations in all combinations of the three variable. We exploit the di↵erent corre-
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mass ma = 300MeV and various backgrounds before selections. Top left: reconstructed

B meson mass, M̂2
B; top right: opening angle of the leading kaon against the missing

momentum, �Kpmiss ; bottom left: transverse momentum of the leading kaon, pT (K). Signal

and misreconstructed signal events are normalised arbitrarily to one tenth of the number of

background events. Background events are normalised to the total production rates with

50 ab�1 of data luminosity at Belle II. The dotted vertical lines indicate selection cuts;

the arrows point toward the signal region. Figure 7 shows the same distributions after

selections.
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B is dominated by the tag-side B meson and hence is largely independent of the
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kinematic distributions look identical to the ma = 5MeV benchmark.

For signal events, the variables pT (K) and �Kpmiss exhibit a rather strong correlation. We

also observe a strong, but di↵erent correlation of pT (K) and �Kpmiss for misreconstructed

signal events, as well as a strong correlation of �Kpmiss and M̂2
B. Background events show

strong correlations in all combinations of the three variable. We exploit the di↵erent corre-
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Figure �: Bounds in the (ma, 1/�a) plane from existing (gray) and future (colored, with heavy-
ions at the LHC) ALP searches.

the ma . 100 GeV range [��]. From the experimental point of view, the final state of interest
for ALP production is a pair of photons emitted almost back-to-back in an otherwise empty
detector. The ALP signal would be visible as a peak in the diphoton invariant mass distri-
bution on top of various background processes, mostly light-by-light scattering continuum,
combinatorial background from fi0fi0 photoproduction and decay photons from spin-� and
spin-� resonances [��]. Dedicated trigger strategies and high photon e�ciency at low photon
transverse momenta are crucial for a successful measurement.

The most stringent limits on ALPs in the ma range from 5 to ��� GeV have been set
in light-by-light scattering measurements performed in Pb-Pb UPCs at Ô

sNN = 5.02 TeV
by the CMS [��] and ATLAS [��] collaborations. The ALICE and LHCb experiments can
potentially improve those limits with future Run-� and Run-� data samples in a mass region
ma ƒ 1–5 GeV of otherwise di�cult experimental access [��]. Also ATLAS and CMS could
extend the limits in the range ma < 5 GeV provided a triggering strategy, and low-energy
photon reconstruction are improved in future heavy-ion data taking. The future ALICE �
experiment [��], a proposed next-generation heavy-ion experiment for Run � and beyond, has
an opportunity to extend the coverage to even lower ALP masses. The expected performance
of LHC experiments [��, ��] is shown in Fig. � together with existing limits (from [��]) and
future ALICE � constraints estimated in two scenarios of �% and ���% photon reconstruction
e�ciency corresponding to photons registered via conversions or in an ideal calorimeter. As
can be seen in the figure, the ALICE � experiment is expected to fill the gap between beam-
dump and ATLAS/CMS constraints and push the limits on ALP-“ coupling well below the
1 TeV≠1 range for intermediate masses 50 MeV to 5 GeV, which is particularly interesting as
ALPs found in this range could potentially explain the muon anomalous magnetic moment
puzzle [�, ��].
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