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ALPs in the cosmos   …   and in the lab
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ALPs in the cosmos   …   and in the lab

�, g,W,Z
<latexit sha1_base64="eS83xmBExlQcNExzBpzLrdBYNHo="></latexit><latexit sha1_base64="eS83xmBExlQcNExzBpzLrdBYNHo="></latexit><latexit sha1_base64="eS83xmBExlQcNExzBpzLrdBYNHo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="8PM/CP8LYUxqXcTdcidnSSAZk4A="></latexit><latexit sha1_base64="8PM/CP8LYUxqXcTdcidnSSAZk4A="></latexit><latexit sha1_base64="pRek0ltH5sqSNhShUXpaLRH7PPA="></latexit><latexit sha1_base64="eS83xmBExlQcNExzBpzLrdBYNHo="></latexit><latexit sha1_base64="eS83xmBExlQcNExzBpzLrdBYNHo="></latexit><latexit sha1_base64="eS83xmBExlQcNExzBpzLrdBYNHo="></latexit><latexit sha1_base64="eS83xmBExlQcNExzBpzLrdBYNHo="></latexit><latexit sha1_base64="eS83xmBExlQcNExzBpzLrdBYNHo="></latexit><latexit sha1_base64="eS83xmBExlQcNExzBpzLrdBYNHo="></latexit>

q, `, ⌫
<latexit sha1_base64="eTa6FDpqKQpvsdjwCEAXyRKoNZI="></latexit><latexit sha1_base64="eTa6FDpqKQpvsdjwCEAXyRKoNZI="></latexit><latexit sha1_base64="eTa6FDpqKQpvsdjwCEAXyRKoNZI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Oa1FNmXz9y0MGBAZDFdlzXk7SaA="></latexit><latexit sha1_base64="Oa1FNmXz9y0MGBAZDFdlzXk7SaA="></latexit><latexit sha1_base64="YaEmwAE19hP1Fsj/U6G1iVi4gH8="></latexit><latexit sha1_base64="eTa6FDpqKQpvsdjwCEAXyRKoNZI="></latexit><latexit sha1_base64="eTa6FDpqKQpvsdjwCEAXyRKoNZI="></latexit><latexit sha1_base64="eTa6FDpqKQpvsdjwCEAXyRKoNZI="></latexit><latexit sha1_base64="eTa6FDpqKQpvsdjwCEAXyRKoNZI="></latexit><latexit sha1_base64="eTa6FDpqKQpvsdjwCEAXyRKoNZI="></latexit><latexit sha1_base64="eTa6FDpqKQpvsdjwCEAXyRKoNZI="></latexit>

�, p, n
<latexit sha1_base64="U0M4NzZ/rlNnU4mvL97Az3f3iK4="></latexit><latexit sha1_base64="U0M4NzZ/rlNnU4mvL97Az3f3iK4="></latexit><latexit sha1_base64="U0M4NzZ/rlNnU4mvL97Az3f3iK4="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="M4tyWcGWEtIlIUJTIz4X60+oTgY="></latexit><latexit sha1_base64="M4tyWcGWEtIlIUJTIz4X60+oTgY="></latexit><latexit sha1_base64="9PhOPr7Q58tO1Mh2Fb2OFXSAzKw="></latexit><latexit sha1_base64="U0M4NzZ/rlNnU4mvL97Az3f3iK4="></latexit><latexit sha1_base64="U0M4NzZ/rlNnU4mvL97Az3f3iK4="></latexit><latexit sha1_base64="U0M4NzZ/rlNnU4mvL97Az3f3iK4="></latexit><latexit sha1_base64="U0M4NzZ/rlNnU4mvL97Az3f3iK4="></latexit><latexit sha1_base64="U0M4NzZ/rlNnU4mvL97Az3f3iK4="></latexit><latexit sha1_base64="U0M4NzZ/rlNnU4mvL97Az3f3iK4="></latexit>

e
<latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="DJYUlnVK6qfAoUkIaEYjVjEUpsg="></latexit><latexit sha1_base64="DJYUlnVK6qfAoUkIaEYjVjEUpsg="></latexit><latexit sha1_base64="BY7oT4u/ANkmobfDKtDNDyWeqqM="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit>
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ALPs at colliders

�, g,W,Z
<latexit sha1_base64="eS83xmBExlQcNExzBpzLrdBYNHo="></latexit><latexit sha1_base64="eS83xmBExlQcNExzBpzLrdBYNHo="></latexit><latexit sha1_base64="eS83xmBExlQcNExzBpzLrdBYNHo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="8PM/CP8LYUxqXcTdcidnSSAZk4A="></latexit><latexit sha1_base64="8PM/CP8LYUxqXcTdcidnSSAZk4A="></latexit><latexit sha1_base64="pRek0ltH5sqSNhShUXpaLRH7PPA="></latexit><latexit sha1_base64="eS83xmBExlQcNExzBpzLrdBYNHo="></latexit><latexit sha1_base64="eS83xmBExlQcNExzBpzLrdBYNHo="></latexit><latexit sha1_base64="eS83xmBExlQcNExzBpzLrdBYNHo="></latexit><latexit sha1_base64="eS83xmBExlQcNExzBpzLrdBYNHo="></latexit><latexit sha1_base64="eS83xmBExlQcNExzBpzLrdBYNHo="></latexit><latexit sha1_base64="eS83xmBExlQcNExzBpzLrdBYNHo="></latexit>

q, `, ⌫
<latexit sha1_base64="eTa6FDpqKQpvsdjwCEAXyRKoNZI="></latexit><latexit sha1_base64="eTa6FDpqKQpvsdjwCEAXyRKoNZI="></latexit><latexit sha1_base64="eTa6FDpqKQpvsdjwCEAXyRKoNZI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Oa1FNmXz9y0MGBAZDFdlzXk7SaA="></latexit><latexit sha1_base64="Oa1FNmXz9y0MGBAZDFdlzXk7SaA="></latexit><latexit sha1_base64="YaEmwAE19hP1Fsj/U6G1iVi4gH8="></latexit><latexit sha1_base64="eTa6FDpqKQpvsdjwCEAXyRKoNZI="></latexit><latexit sha1_base64="eTa6FDpqKQpvsdjwCEAXyRKoNZI="></latexit><latexit sha1_base64="eTa6FDpqKQpvsdjwCEAXyRKoNZI="></latexit><latexit sha1_base64="eTa6FDpqKQpvsdjwCEAXyRKoNZI="></latexit><latexit sha1_base64="eTa6FDpqKQpvsdjwCEAXyRKoNZI="></latexit><latexit sha1_base64="eTa6FDpqKQpvsdjwCEAXyRKoNZI="></latexit>

Bauer et al. 1708.00443 Gavela et al. 1905.12953

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>

h
<latexit sha1_base64="j9z65QeVAi157GxJ6q3EGYusyIo="></latexit><latexit sha1_base64="j9z65QeVAi157GxJ6q3EGYusyIo="></latexit><latexit sha1_base64="j9z65QeVAi157GxJ6q3EGYusyIo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="E1CBTZBMCARR0q+zdi7ypUjMXuU="></latexit><latexit sha1_base64="E1CBTZBMCARR0q+zdi7ypUjMXuU="></latexit><latexit sha1_base64="pEpDsV8nAskuDjQEH9VZrT6102w="></latexit><latexit sha1_base64="j9z65QeVAi157GxJ6q3EGYusyIo="></latexit><latexit sha1_base64="j9z65QeVAi157GxJ6q3EGYusyIo="></latexit><latexit sha1_base64="j9z65QeVAi157GxJ6q3EGYusyIo="></latexit><latexit sha1_base64="j9z65QeVAi157GxJ6q3EGYusyIo="></latexit><latexit sha1_base64="j9z65QeVAi157GxJ6q3EGYusyIo="></latexit><latexit sha1_base64="j9z65QeVAi157GxJ6q3EGYusyIo="></latexit>

Z
<latexit sha1_base64="x/uDsSLQady7yrTC1yedfkUvJqs="></latexit><latexit sha1_base64="x/uDsSLQady7yrTC1yedfkUvJqs="></latexit><latexit sha1_base64="x/uDsSLQady7yrTC1yedfkUvJqs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mSPD2A2fSR/yQjpgzABzBVD1lvs="></latexit><latexit sha1_base64="mSPD2A2fSR/yQjpgzABzBVD1lvs="></latexit><latexit sha1_base64="MorKYZ1gnV6TLuji8/tl7RymgL8="></latexit><latexit sha1_base64="x/uDsSLQady7yrTC1yedfkUvJqs="></latexit><latexit sha1_base64="x/uDsSLQady7yrTC1yedfkUvJqs="></latexit><latexit sha1_base64="x/uDsSLQady7yrTC1yedfkUvJqs="></latexit><latexit sha1_base64="x/uDsSLQady7yrTC1yedfkUvJqs="></latexit><latexit sha1_base64="x/uDsSLQady7yrTC1yedfkUvJqs="></latexit><latexit sha1_base64="x/uDsSLQady7yrTC1yedfkUvJqs="></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>

Z
<latexit sha1_base64="x/uDsSLQady7yrTC1yedfkUvJqs="></latexit><latexit sha1_base64="x/uDsSLQady7yrTC1yedfkUvJqs="></latexit><latexit sha1_base64="x/uDsSLQady7yrTC1yedfkUvJqs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mSPD2A2fSR/yQjpgzABzBVD1lvs="></latexit><latexit sha1_base64="mSPD2A2fSR/yQjpgzABzBVD1lvs="></latexit><latexit sha1_base64="MorKYZ1gnV6TLuji8/tl7RymgL8="></latexit><latexit sha1_base64="x/uDsSLQady7yrTC1yedfkUvJqs="></latexit><latexit sha1_base64="x/uDsSLQady7yrTC1yedfkUvJqs="></latexit><latexit sha1_base64="x/uDsSLQady7yrTC1yedfkUvJqs="></latexit><latexit sha1_base64="x/uDsSLQady7yrTC1yedfkUvJqs="></latexit><latexit sha1_base64="x/uDsSLQady7yrTC1yedfkUvJqs="></latexit><latexit sha1_base64="x/uDsSLQady7yrTC1yedfkUvJqs="></latexit>

a⇤
<latexit sha1_base64="hzFJCVSZSiwP3LLFXvb9aXBHYa8="></latexit><latexit sha1_base64="hzFJCVSZSiwP3LLFXvb9aXBHYa8="></latexit><latexit sha1_base64="hzFJCVSZSiwP3LLFXvb9aXBHYa8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="R4/n7IOmSyl21PsUzrzzR3bDDVk="></latexit><latexit sha1_base64="R4/n7IOmSyl21PsUzrzzR3bDDVk="></latexit><latexit sha1_base64="801aHqIiQdW25uWeHrZ2VhvuYjk="></latexit><latexit sha1_base64="hzFJCVSZSiwP3LLFXvb9aXBHYa8="></latexit><latexit sha1_base64="hzFJCVSZSiwP3LLFXvb9aXBHYa8="></latexit><latexit sha1_base64="hzFJCVSZSiwP3LLFXvb9aXBHYa8="></latexit><latexit sha1_base64="hzFJCVSZSiwP3LLFXvb9aXBHYa8="></latexit><latexit sha1_base64="hzFJCVSZSiwP3LLFXvb9aXBHYa8="></latexit><latexit sha1_base64="hzFJCVSZSiwP3LLFXvb9aXBHYa8="></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>

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>

V, t
<latexit sha1_base64="bo7KH+zXm0oXXKD4Oqflw0pwBAs="></latexit><latexit sha1_base64="bo7KH+zXm0oXXKD4Oqflw0pwBAs="></latexit><latexit sha1_base64="bo7KH+zXm0oXXKD4Oqflw0pwBAs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="R6HprKLTyeCg9iIwsolB/cjkL8Q="></latexit><latexit sha1_base64="R6HprKLTyeCg9iIwsolB/cjkL8Q="></latexit><latexit sha1_base64="JutLbw3TRPA4rzH+oX5I2OA5QJc="></latexit><latexit sha1_base64="bo7KH+zXm0oXXKD4Oqflw0pwBAs="></latexit><latexit sha1_base64="bo7KH+zXm0oXXKD4Oqflw0pwBAs="></latexit><latexit sha1_base64="bo7KH+zXm0oXXKD4Oqflw0pwBAs="></latexit><latexit sha1_base64="bo7KH+zXm0oXXKD4Oqflw0pwBAs="></latexit><latexit sha1_base64="bo7KH+zXm0oXXKD4Oqflw0pwBAs="></latexit><latexit sha1_base64="bo7KH+zXm0oXXKD4Oqflw0pwBAs="></latexit>

V, t̄
<latexit sha1_base64="lejfbl94muy8xZmrQ1qIe8cnma0="></latexit><latexit sha1_base64="lejfbl94muy8xZmrQ1qIe8cnma0="></latexit><latexit sha1_base64="lejfbl94muy8xZmrQ1qIe8cnma0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="zQi6f1l6rWgxkVMHB2MfUFV/VwY="></latexit><latexit sha1_base64="zQi6f1l6rWgxkVMHB2MfUFV/VwY="></latexit><latexit sha1_base64="ENPF0ynAHz2S88K+HrPOAlYHJg0="></latexit><latexit sha1_base64="lejfbl94muy8xZmrQ1qIe8cnma0="></latexit><latexit sha1_base64="lejfbl94muy8xZmrQ1qIe8cnma0="></latexit><latexit sha1_base64="lejfbl94muy8xZmrQ1qIe8cnma0="></latexit><latexit sha1_base64="lejfbl94muy8xZmrQ1qIe8cnma0="></latexit><latexit sha1_base64="lejfbl94muy8xZmrQ1qIe8cnma0="></latexit><latexit sha1_base64="lejfbl94muy8xZmrQ1qIe8cnma0="></latexit>

 virtual ALPsHiggs decays

Batell et al. 0911.4938
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
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Georgi, Kaplan, Randall 1986

General picture of ALP interactions?
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On-shell fermions have axial-vector couplingsdown-type quarks as well as to charged leptons as

cii = (Cu)ii � (CQ)ii, i = {u, c, t} (2.7)
cjj = (Cd)jj � (V †

CQV )jj , j = {d, s, b}
ckk = (C`)kk � (CL)kk, k = {e, µ, ⌧},

where V is the CKM matrix. Flavor off-diagonal couplings will not play a role in this work.
The top-quark coupling ctt = (Cu)33 � (CQ)33 plays an important role in the ALP

effective theory at low energies. In the renormalization group (RG) evolution of the effective
couplings, ctt generates ALP couplings to all other fermions through mixing and renormali-
zation effects [45–48]. For ⇤ = 4⇡ TeV, the ALP couplings at the top mass scale µ = mt

are

cuu,cc(mt) = cuu,cc(⇤) � 0.116 ctt(⇤) (2.8)
cdd,ss(mt) = cdd,ss(⇤) + 0.116 ctt(⇤)

cbb(mt) = cbb(⇤) + 0.097 ctt(⇤)

c``(mt) = c``(⇤) + 0.116 ctt(⇤), ` = {e, µ, ⌧}.

To a good approximation, these relations also hold in the perturbative regime below the
weak scale. The ALP-top coupling can thus be probed in low-energy observables through
RG effects in effective ALP couplings to light fermions. Moreover, the ALP-top coupling
induces ALP couplings to photons and gluons through top loops, which however play a
minor role in this work. Notice that also the top coupling itself receives RG corrections at
energies below the cutoff scale. For numerical predictions of the ALP couplings at different
energy scales, we use our public code [49] that implements the results of Ref. [48].

A very predictive scenario is obtained by assuming that the top coupling is the only
coupling of the ALP at the cutoff scale, so that

ctt(⇤) ⌘ ctt, cff (⇤) = 0 (f 6= t), cV V (⇤) = 0. (2.9)

We will call this scenario the top scenario in what follows. Such a scenario arises from ultra-
violet completions of the ALP effective theory with top-philic heavy particles that generate
the effective coupling ctt(⇤). In the top scenario, all ALP couplings are proportional to
|ctt|/fa. As a consequence, all partial decay widths of the ALP are determined by |ctt|/fa.
Moreover, the ALP decay rate is fully correlated with the production from top quarks. The
signal rate is thus determined by only two parameters: the ALP mass ma and the effective
top coupling |ctt|/fa.

The total decay width of the ALP is in general given by 3

�a = �(a ! ��) +
X

`=e,µ,⌧

�(a ! `¯̀) ⇥(ma � 2m`) + �(a ! had) ⇥(ma � 3m⇡). (2.10)

3Decays into neutrinos are in principle possible, but extremely suppressed by the small neutrino mass.

– 5 –

Shift symmetry:

cii = (CU )ii � (CQ)ii
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Yukawa-like flavor hierarchy

(at least up to 2-loop)Fermion couplings run; gauge couplings don’t
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down-type quarks as well as to charged leptons as

cii = (Cu)ii � (CQ)ii, i = {u, c, t} (2.7)
cjj = (Cd)jj � (V †

CQV )jj , j = {d, s, b}
ckk = (C`)kk � (CL)kk, k = {e, µ, ⌧},

where V is the CKM matrix. Flavor off-diagonal couplings will not play a role in this work.
The top-quark coupling ctt = (Cu)33 � (CQ)33 plays an important role in the ALP

effective theory at low energies. In the renormalization group (RG) evolution of the effective
couplings, ctt generates ALP couplings to all other fermions through mixing and renormali-
zation effects [45–48]. For ⇤ = 4⇡ TeV, the ALP couplings at the top mass scale µ = mt

are

cuu,cc(mt) = cuu,cc(⇤) � 0.116 ctt(⇤) (2.8)
cdd,ss(mt) = cdd,ss(⇤) + 0.116 ctt(⇤)

cbb(mt) = cbb(⇤) + 0.097 ctt(⇤)

c``(mt) = c``(⇤) + 0.116 ctt(⇤), ` = {e, µ, ⌧}.

To a good approximation, these relations also hold in the perturbative regime below the
weak scale. The ALP-top coupling can thus be probed in low-energy observables through
RG effects in effective ALP couplings to light fermions. Moreover, the ALP-top coupling
induces ALP couplings to photons and gluons through top loops, which however play a
minor role in this work. Notice that also the top coupling itself receives RG corrections at
energies below the cutoff scale. For numerical predictions of the ALP couplings at different
energy scales, we use our public code [49] that implements the results of Ref. [48].

A very predictive scenario is obtained by assuming that the top coupling is the only
coupling of the ALP at the cutoff scale, so that

ctt(⇤) ⌘ ctt, cff (⇤) = 0 (f 6= t), cV V (⇤) = 0. (2.9)

We will call this scenario the top scenario in what follows. Such a scenario arises from ultra-
violet completions of the ALP effective theory with top-philic heavy particles that generate
the effective coupling ctt(⇤). In the top scenario, all ALP couplings are proportional to
|ctt|/fa. As a consequence, all partial decay widths of the ALP are determined by |ctt|/fa.
Moreover, the ALP decay rate is fully correlated with the production from top quarks. The
signal rate is thus determined by only two parameters: the ALP mass ma and the effective
top coupling |ctt|/fa.

The total decay width of the ALP is in general given by 3

�a = �(a ! ��) +
X

`=e,µ,⌧

�(a ! `¯̀) ⇥(ma � 2m`) + �(a ! had) ⇥(ma � 3m⇡). (2.10)

3Decays into neutrinos are in principle possible, but extremely suppressed by the small neutrino mass.

– 5 –

Bauer et al. 2012.12272
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d lnµ
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3y2t
8⇡2

<latexit sha1_base64="VdPg+utqKyVhLBWo+T+PkP73rVA="></latexit><latexit sha1_base64="VdPg+utqKyVhLBWo+T+PkP73rVA="></latexit><latexit sha1_base64="VdPg+utqKyVhLBWo+T+PkP73rVA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="2PN/WdPPVsSdItWm7fT3mR4PyP8="></latexit><latexit sha1_base64="2PN/WdPPVsSdItWm7fT3mR4PyP8="></latexit><latexit sha1_base64="4ZPqBbHLsCp/J3qfJZi8E9Ng4Ug="></latexit><latexit sha1_base64="VdPg+utqKyVhLBWo+T+PkP73rVA="></latexit><latexit sha1_base64="VdPg+utqKyVhLBWo+T+PkP73rVA="></latexit><latexit sha1_base64="VdPg+utqKyVhLBWo+T+PkP73rVA="></latexit><latexit sha1_base64="VdPg+utqKyVhLBWo+T+PkP73rVA="></latexit><latexit sha1_base64="VdPg+utqKyVhLBWo+T+PkP73rVA="></latexit><latexit sha1_base64="VdPg+utqKyVhLBWo+T+PkP73rVA="></latexit>

All fermion couplings get top contributions:
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down-type quarks as well as to charged leptons as

cii = (Cu)ii � (CQ)ii, i = {u, c, t} (2.7)
cjj = (Cd)jj � (V †

CQV )jj , j = {d, s, b}
ckk = (C`)kk � (CL)kk, k = {e, µ, ⌧},

where V is the CKM matrix. Flavor off-diagonal couplings will not play a role in this work.
The top-quark coupling ctt = (Cu)33 � (CQ)33 plays an important role in the ALP

effective theory at low energies. In the renormalization group (RG) evolution of the effective
couplings, ctt generates ALP couplings to all other fermions through mixing and renormali-
zation effects [45–48]. For ⇤ = 4⇡ TeV, the ALP couplings at the top mass scale µ = mt

are

cuu,cc(mt) = cuu,cc(⇤) � 0.116 ctt(⇤) (2.8)
cdd,ss(mt) = cdd,ss(⇤) + 0.116 ctt(⇤)

cbb(mt) = cbb(⇤) + 0.097 ctt(⇤)

c``(mt) = c``(⇤) + 0.116 ctt(⇤), ` = {e, µ, ⌧}.

To a good approximation, these relations also hold in the perturbative regime below the
weak scale. The ALP-top coupling can thus be probed in low-energy observables through
RG effects in effective ALP couplings to light fermions. Moreover, the ALP-top coupling
induces ALP couplings to photons and gluons through top loops, which however play a
minor role in this work. Notice that also the top coupling itself receives RG corrections at
energies below the cutoff scale. For numerical predictions of the ALP couplings at different
energy scales, we use our public code [49] that implements the results of Ref. [48].

A very predictive scenario is obtained by assuming that the top coupling is the only
coupling of the ALP at the cutoff scale, so that

ctt(⇤) ⌘ ctt, cff (⇤) = 0 (f 6= t), cV V (⇤) = 0. (2.9)

We will call this scenario the top scenario in what follows. Such a scenario arises from ultra-
violet completions of the ALP effective theory with top-philic heavy particles that generate
the effective coupling ctt(⇤). In the top scenario, all ALP couplings are proportional to
|ctt|/fa. As a consequence, all partial decay widths of the ALP are determined by |ctt|/fa.
Moreover, the ALP decay rate is fully correlated with the production from top quarks. The
signal rate is thus determined by only two parameters: the ALP mass ma and the effective
top coupling |ctt|/fa.

The total decay width of the ALP is in general given by 3

�a = �(a ! ��) +
X

`=e,µ,⌧

�(a ! `¯̀) ⇥(ma � 2m`) + �(a ! had) ⇥(ma � 3m⇡). (2.10)

3Decays into neutrinos are in principle possible, but extremely suppressed by the small neutrino mass.
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cff (µ) = �fctt

3y2t
8⇡2
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Figure 2: Proper decay length, c⌧a, (left) and branching ratios (right) of an ALP in the top
scenario (Eq. 2.9) as a function of its mass, ma. For a fixed mass, all decay modes are fully
determined by the top-quark coupling |ctt(⇤)|/fa, defined at the cutoff scale ⇤ = 4⇡ TeV.
In the left panel, vertical lines for c⌧a indicate benchmark ALP masses used in this study.
The dip in the decay length around ma = m⇡ is due to ALP-pion mixing.

The ALP decay into leptons and hadrons is open only above the kinematic threshold, as
indicated by the Heaviside function ⇥. The decay rate into fermion pairs is

�(a ! ff̄) =
ma

8⇡

|cff (ma)|2m2
f

f2
a

 
1 �

4m
2
f

m2
a

! 1
2

. (2.11)

In the top scenario, cff (ma) ⇡ cff (µw) for ALP masses below the weak scale µw, and Eq. 2.8
applies to a good approximation. For hadronic decays, Eq. 2.11 applies only in the regime
of perturbative QCD, i.e., for ma & 2 GeV. To make predictions at lower scales, the ALP
effective theory has to be matched onto the chiral perturbation theory [26, 50].

In Fig. 2 (left), we show the proper decay length of the ALP in the top scenario (Eq. 2.9)
as a function of its mass. Since all partial decay rates are determined by the top coupling,
the decay length scales as c⌧a / f

2
a/c

2
tt. The ALP branching ratio into any specific final

state is thus independent of ctt. The top scenario (Eq. 2.9) predicts the longest possible
decay length of ALPs produced from top quarks. Any additional coupling would increase
the decay width, resulting in a shorter decay length.

The branching ratios of ALP decays in the top scenario are shown in Fig. 2 (right), as
a function of the ALP mass. For ma < 2mµ, the ALP can only decay into photons and, if
kinematically allowed, into electrons. For 2mµ < ma < 1 GeV, the ALP width is dominated
by the decay into muons; decays into electrons and photons are suppressed by the small
electron mass and the electromagnetic coupling, respectively. For ALP masses around the
GeV scale, predictions are affected by large uncertainties in hadronic decays. For the exact
implementation of the ALP decay channels, we refer the reader to App. A of Ref. [51].

Where perturbative predictions are possible, the ALP branching ratio into muons in
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Figure 2: Proper decay length, c⌧a, (left) and branching ratios (right) of an ALP in the top
scenario (Eq. 2.9) as a function of its mass, ma. For a fixed mass, all decay modes are fully
determined by the top-quark coupling |ctt(⇤)|/fa, defined at the cutoff scale ⇤ = 4⇡ TeV.
In the left panel, vertical lines for c⌧a indicate benchmark ALP masses used in this study.
The dip in the decay length around ma = m⇡ is due to ALP-pion mixing.

The ALP decay into leptons and hadrons is open only above the kinematic threshold, as
indicated by the Heaviside function ⇥. The decay rate into fermion pairs is

�(a ! ff̄) =
ma

8⇡

|cff (ma)|2m2
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In the top scenario, cff (ma) ⇡ cff (µw) for ALP masses below the weak scale µw, and Eq. 2.8
applies to a good approximation. For hadronic decays, Eq. 2.11 applies only in the regime
of perturbative QCD, i.e., for ma & 2 GeV. To make predictions at lower scales, the ALP
effective theory has to be matched onto the chiral perturbation theory [26, 50].

In Fig. 2 (left), we show the proper decay length of the ALP in the top scenario (Eq. 2.9)
as a function of its mass. Since all partial decay rates are determined by the top coupling,
the decay length scales as c⌧a / f

2
a/c

2
tt. The ALP branching ratio into any specific final

state is thus independent of ctt. The top scenario (Eq. 2.9) predicts the longest possible
decay length of ALPs produced from top quarks. Any additional coupling would increase
the decay width, resulting in a shorter decay length.

The branching ratios of ALP decays in the top scenario are shown in Fig. 2 (right), as
a function of the ALP mass. For ma < 2mµ, the ALP can only decay into photons and, if
kinematically allowed, into electrons. For 2mµ < ma < 1 GeV, the ALP width is dominated
by the decay into muons; decays into electrons and photons are suppressed by the small
electron mass and the electromagnetic coupling, respectively. For ALP masses around the
GeV scale, predictions are affected by large uncertainties in hadronic decays. For the exact
implementation of the ALP decay channels, we refer the reader to App. A of Ref. [51].

Where perturbative predictions are possible, the ALP branching ratio into muons in

– 6 –

Top scenario

decay length decay modes

ctt(⇤) 6= 0, cij(⇤) = 0 (i, j 6= t)
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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
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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)
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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
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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)
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Figure 1: ALP contributions to top-antitop production at LO (upper left diagram) and

at NLO from virtual corrections (first and second row) and from real radiation (third row).

Only representative Feynman diagrams of each class are shown.

3.1 ALP contributions at LO and NLO

ALPs leave various e↵ects in top-antitop production. Since ALP couplings to external

light quarks are suppressed as mq/fa, we neglect quark-induced processes and focus on the

partonic amplitude gg ! tt̄. We include all ctt-induced ALP e↵ects, as well as e↵ects of

c̃GG at tree level. As we will see, this allows us to test all ALP scenarios with couplings

|ctt| > ↵s|c̃GG|/4⇡ at the cuto↵ scale. In Figure ??, we show representative Feynman

diagrams for the various ALP contributions to inclusive top-antitop production.

To classify these contributions, it is useful to distinguish between predictions in QCD

(“SM”) and predictions in QCD plus e↵ective ALP interactions (“SM+ALP”). At leading

order (LO) in perturbation theory of the SM+ALP, ALP contributions to observables are

proportional to cttc̃GG. At next-to-leading order (NLO), ALP contributions through virtual

corrections and real radiation are proportional to c
2
tt. In what follows, we will discuss the

ALP contributions at LO and NLO one by one.

LO contributions The amplitude for gg ! tt̄ in the SM+ALP is sensitive to the product

of couplings c̃GG(µ)ctt(µ)/f2
a . Even if the ALP-gluon coupling is absent at the cuto↵ scale,

as in the benchmarks from (??) and (??), it can still be induced by the RG evolution of

the ALP-top coupling, see Sec. ??. At scales µ < ⇤, the RG-induced ALP-gluon coupling

is roughly given by

c̃GG(µ) ⇡
↵t

4⇡
ctt(⇤) ln

✓
⇤2

µ2

◆
. (3.1)

In Benchmark II with ctt(4⇡TeV) = 1, we found c̃GG(mt) ⇡ �0.04 when resumming the

UV-sensitive logarithmic contributions to all orders. In the LO amplitude for gg ! tt̄, 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
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)
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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)
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Figure 1: ALP contributions to top-antitop production at LO (upper left diagram) and

at NLO from virtual corrections (first and second row) and from real radiation (third row).

Only representative Feynman diagrams of each class are shown.

3.1 ALP contributions at LO and NLO

ALPs leave various e↵ects in top-antitop production. Since ALP couplings to external

light quarks are suppressed as mq/fa, we neglect quark-induced processes and focus on the

partonic amplitude gg ! tt̄. We include all ctt-induced ALP e↵ects, as well as e↵ects of

c̃GG at tree level. As we will see, this allows us to test all ALP scenarios with couplings

|ctt| > ↵s|c̃GG|/4⇡ at the cuto↵ scale. In Figure ??, we show representative Feynman

diagrams for the various ALP contributions to inclusive top-antitop production.

To classify these contributions, it is useful to distinguish between predictions in QCD

(“SM”) and predictions in QCD plus e↵ective ALP interactions (“SM+ALP”). At leading

order (LO) in perturbation theory of the SM+ALP, ALP contributions to observables are

proportional to cttc̃GG. At next-to-leading order (NLO), ALP contributions through virtual

corrections and real radiation are proportional to c
2
tt. In what follows, we will discuss the

ALP contributions at LO and NLO one by one.

LO contributions The amplitude for gg ! tt̄ in the SM+ALP is sensitive to the product

of couplings c̃GG(µ)ctt(µ)/f2
a . Even if the ALP-gluon coupling is absent at the cuto↵ scale,

as in the benchmarks from (??) and (??), it can still be induced by the RG evolution of

the ALP-top coupling, see Sec. ??. At scales µ < ⇤, the RG-induced ALP-gluon coupling

is roughly given by

c̃GG(µ) ⇡
↵t

4⇡
ctt(⇤) ln

✓
⇤2

µ2

◆
. (3.1)

In Benchmark II with ctt(4⇡TeV) = 1, we found c̃GG(mt) ⇡ �0.04 when resumming the

UV-sensitive logarithmic contributions to all orders. In the LO amplitude for gg ! tt̄, the
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Figure 1: ALP contributions to top-antitop production at LO (upper left diagram) and

at NLO from virtual corrections (first and second row) and from real radiation (third row).

Only representative Feynman diagrams of each class are shown.

3.1 ALP contributions at LO and NLO

ALPs leave various e↵ects in top-antitop production. Since ALP couplings to external

light quarks are suppressed as mq/fa, we neglect quark-induced processes and focus on the

partonic amplitude gg ! tt̄. We include all ctt-induced ALP e↵ects, as well as e↵ects of

c̃GG at tree level. As we will see, this allows us to test all ALP scenarios with couplings

|ctt| > ↵s|c̃GG|/4⇡ at the cuto↵ scale. In Figure ??, we show representative Feynman

diagrams for the various ALP contributions to inclusive top-antitop production.

To classify these contributions, it is useful to distinguish between predictions in QCD

(“SM”) and predictions in QCD plus e↵ective ALP interactions (“SM+ALP”). At leading

order (LO) in perturbation theory of the SM+ALP, ALP contributions to observables are
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top-induced ALP-gluon coupling from axial anomaly:
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Figure 2: Kinematic distributions in top-antitop production in the SM (blue) and in the

SM+ALP for Benchmark I with ctt/fa = 20/TeV, cGG = 0 and ma = 10GeV. Shown are

distributions of the top transverse momentum pT (t) (upper left), the tt̄ invariant mass mtt̄

(upper right), the absolute value of the top rapidity yt (lower left) and the top angle ✓
⇤

(lower right). The individual ALP e↵ects correspond to LO contributions from (negative)

ALP-SM interference (plain rose) and ALP-ALP interference (dashed rose); as well as

NLO contributions from (negative) virtual corrections (plain light blue) and ALP radiation

(dashed light blue).

3.3 Impact of the ALP mass and gluon coupling

In this section, we extend our analysis beyond the two benchmarks and study the impact

of the ALP mass and the ALP-gluon coupling on the observables. We focus on the pT (t)
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for

compare with CMS data:

Figure 5: Kinematic distributions in top-antitop production in the SM (blue) and in the

SM+ALP (orange) in Benchmark I with ctt(⇤)/fa = 20/TeV and ma = 10GeV. Show

are normalized distributions of the transverse momentum of the (hadronically decaying)

top pT (t) (upper left), the top-antitop invariant mass mtt̄ (upper right), the top rapidity

yt (lower left) and the top angle ✓
⇤ (lower right). The black dots correspond to CMS

measurements [? ]; the grey bands indicate the systematic and statistical experimental

uncertainties. The blue and orange error bars represent the SM uncertainty �SM and the

SM+ALP uncertainty �th, as explained in the text.

the central value of the theory prediction. Finally, we define our statistical measure as the

di↵erence

��
2(ctt) = �

2
min(ctt)� �

2
bf , �

2
bf = min

ctt
�
2
min(ctt), (4.2)
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Figure 4: ALP e↵ects in top-antitop production at the 13-TeV LHC. Upper left: distri-

bution of the top’s transverse momentum, pT (t), in the SM (blue), in the ALP e↵ective

theory (red) for ↵sce↵GGcff/(4⇡f
2
a ) = ±1/TeV2, and as measured by CMS [55] (black data

points). Lower left: the same distributions normalized to the SM prediction, including

theory uncertainties �th (blue band) and stacked experimental uncertainties �ex (grey ar-

eas). Right: bounds on the {cff , cGG} parameter space from a combined fit to the dark

shaded bins in the left panel. The contours correspond to ��2 = 5.99 in a 2-parameter fit.

The region outside the curves is excluded. Plain red curves correspond to flavor-universal

ALP-fermion couplings (2.3); dashed curves indicate a scenario where the ALP couples

only to top quarks and gluons.

In the lower panel of Fig. 4, left, we show the individual contributions to the pT (t) distri-

bution normalized to the SM prediction. For both SM and ALP contributions, we assign

a conservative theory uncertainty of twice the values quoted for the Standard Model in

Ref. [55] (blue band). The ALP interference with the QCD amplitude is negative, leading

to a higher event rate for ce↵GGcff < 0 (dotted red) than for ce↵GGcff > 0 (plain red). The

relative enhancement of the ALP contribution at high momenta, see (3.8), is clearly visible.

For the parameter fit, we use the bins number 10, 12, 14 and 16 in the pT (t) distribution

(shaded dark grey). In this way, we reduce correlations between adjacent bins. By focusing

on high transverse momenta, we maximize the sensitivity to the ALP contribution and

ensure that our approximate NLO prediction is applicable. The results of our 2-parameter

fit to {cGG, cff} are shown in Fig. 4, right. Overall, the bounds on the ALP couplings are

significantly stronger than those obtained from dijet distributions, cf. Fig. 3. The blind

direction along |ce↵GG · cff | = 0 is however apparent. As for the dijet distributions, we show

the results for the flavor-universal scenario (plain) and the top-only scenario (dashed),

which probe distinguishable regions of the ALP parameter space. Including the total tt̄

– 12 –
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Figure 4: ALP e↵ects in top-antitop production at the 13-TeV LHC. Upper left: distri-

bution of the top’s transverse momentum, pT (t), in the SM (blue), in the ALP e↵ective

theory (red) for ↵sce↵GGcff/(4⇡f
2
a ) = ±1/TeV2, and as measured by CMS [55] (black data

points). Lower left: the same distributions normalized to the SM prediction, including

theory uncertainties �th (blue band) and stacked experimental uncertainties �ex (grey ar-

eas). Right: bounds on the {cff , cGG} parameter space from a combined fit to the dark

shaded bins in the left panel. The contours correspond to ��2 = 5.99 in a 2-parameter fit.

The region outside the curves is excluded. Plain red curves correspond to flavor-universal

ALP-fermion couplings (2.3); dashed curves indicate a scenario where the ALP couples

only to top quarks and gluons.

In the lower panel of Fig. 4, left, we show the individual contributions to the pT (t) distri-

bution normalized to the SM prediction. For both SM and ALP contributions, we assign

a conservative theory uncertainty of twice the values quoted for the Standard Model in

Ref. [55] (blue band). The ALP interference with the QCD amplitude is negative, leading

to a higher event rate for ce↵GGcff < 0 (dotted red) than for ce↵GGcff > 0 (plain red). The

relative enhancement of the ALP contribution at high momenta, see (3.8), is clearly visible.

For the parameter fit, we use the bins number 10, 12, 14 and 16 in the pT (t) distribution

(shaded dark grey). In this way, we reduce correlations between adjacent bins. By focusing

on high transverse momenta, we maximize the sensitivity to the ALP contribution and

ensure that our approximate NLO prediction is applicable. The results of our 2-parameter

fit to {cGG, cff} are shown in Fig. 4, right. Overall, the bounds on the ALP couplings are

significantly stronger than those obtained from dijet distributions, cf. Fig. 3. The blind

direction along |ce↵GG · cff | = 0 is however apparent. As for the dijet distributions, we show

the results for the flavor-universal scenario (plain) and the top-only scenario (dashed),

which probe distinguishable regions of the ALP parameter space. Including the total tt̄
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Figure 1: Overview of the observables used in our analysis. The colored lines illustrate

which ALP couplings are mostly probed by each sector.

Here ↵ is the electromagnetic coupling, sw = sin ✓w and cw = cos ✓w are the sine and cosine

of the weak mixing angle, and Fµ⌫ , Zµ⌫ ,Wµ⌫ are the field strength tensors of the physical

gauge bosons. The couplings

c�� = cWW + cBB, c�Z = c2w cWW � s2wcBB, cZZ = c4w cWW + s4w cBB (2.5)

are defined at the weak scale µw = mZ . At energies above the weak scale, cWW and cBB

are not renormalized [44]. This allows us to express the couplings in (2.5) directly in terms

of cWW and cBB at the cuto↵ scale ⇤.

In the e↵ective Lagrangian (2.1), the ALP mass ma is a free parameter. For concreteness,

we set

ma = 300MeV (2.6)

throughout this work. The LHC and LEP observables we consider are insensitive to the

benchmark choice for ALPs with masses ma ⌧ mZ . For flavor observables, the bench-

mark (2.6) implies that ALPs can be resonantly produced in B meson decays and decay

mostly into muons. As a consequence, our interpretation of flavor data and the combination

with LHC results are benchmark-dependent.

The main goal of this work is to resolve the full parameter space of ALP couplings,

{cff , cGG, cWW , cBB}. We combine high-energy observables at the LHC and LEP, as

well as flavor observables at LHCb and Belle II that constrain the parameter space in all

directions. In Fig. 1, we illustrate the sensitivity of the di↵erent sectors to the ALP cou-

plings. Top, dijet and electroweak observables are su�cient to resolve the full parameter

space. Flavor observables are sensitive to an intricate combination of all four parameters.

When added to the high-energy observables, they drastically enhance the sensitivity of the

global fit.

This analysis serves as a proof of principle and contains only a small selective set of obser-

vables. The sensitivity of the global fit can be further improved in a more comprehensive

data analysis.

– 4 –
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Figure 5: Bounds on the ALP parameter space with flavor-universal fermion couplings

from measurements at the LHC and LEP. Left: individual 2-parameter fits of {cff , cGG}
to measurements of dijet angular distributions (orange), top-antitop production at high

transverse momenta (red), the four-top production cross section (green); and the result of

the final combined 4-parameter fit to all data from Secs. 3.1 and 3.3, profiled over cWW

and cBB (blue area). Right: 4-parameter fit of {cff , cGG, cWW , cBB} to all data from

Secs. 3.1 and 3.3 (blue area), excluding same-sign diboson production (brown lines) or the

Z boson width (purple lines), and profiled over cff and cGG. The contours correspond to

��2 = 5.99 in the 2-parameter and (profiled) 4-parameter fits. The region outside the

contours is excluded. All parameters cX are defined at the cuto↵ scale ⇤ = 4⇡TeV.

two collaborations agree within uncertainties. In our fit, we include the results of all

measurements, assuming the corresponding uncertainties to be uncorrelated.

3.2 Combined fit to top and dijet data

The fit results for top and dijet observables are shown in Fig. 5, left, assuming flavor-

universal ALP couplings to quarks as in (2.3). The colored contours correspond to bounds

obtained from individual fits of {cff , cGG} to dijet angular distributions (orange), the trans-

verse momentum distribution in top-antitop production (red), and the four-top production

cross section (green). When combining the observables from all three sectors in one fit, we

obtain the bounds corresponding to the blue area. It is apparent that four-top production

constrains the blind directions left by dijet and top-antitop observables. In the combined

fit, the {cff , cGG} sector of the ALP parameter space is fully resolved.

For flavor-universal ALP-fermion couplings, the combined fit yields a robust upper bound

of (see Fig. 5 left)

|cff (4⇡TeV)|
fa

. 3.6

TeV
. (3.18)
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Figure 5: Bounds on the ALP parameter space with flavor-universal fermion couplings

from measurements at the LHC and LEP. Left: individual 2-parameter fits of {cff , cGG}
to measurements of dijet angular distributions (orange), top-antitop production at high

transverse momenta (red), the four-top production cross section (green); and the result of

the final combined 4-parameter fit to all data from Secs. 3.1 and 3.3, profiled over cWW

and cBB (blue area). Right: 4-parameter fit of {cff , cGG, cWW , cBB} to all data from

Secs. 3.1 and 3.3 (blue area), excluding same-sign diboson production (brown lines) or the

Z boson width (purple lines), and profiled over cff and cGG. The contours correspond to

��2 = 5.99 in the 2-parameter and (profiled) 4-parameter fits. The region outside the

contours is excluded. All parameters cX are defined at the cuto↵ scale ⇤ = 4⇡TeV.

two collaborations agree within uncertainties. In our fit, we include the results of all

measurements, assuming the corresponding uncertainties to be uncorrelated.

3.2 Combined fit to top and dijet data

The fit results for top and dijet observables are shown in Fig. 5, left, assuming flavor-

universal ALP couplings to quarks as in (2.3). The colored contours correspond to bounds

obtained from individual fits of {cff , cGG} to dijet angular distributions (orange), the trans-

verse momentum distribution in top-antitop production (red), and the four-top production

cross section (green). When combining the observables from all three sectors in one fit, we

obtain the bounds corresponding to the blue area. It is apparent that four-top production

constrains the blind directions left by dijet and top-antitop observables. In the combined

fit, the {cff , cGG} sector of the ALP parameter space is fully resolved.

For flavor-universal ALP-fermion couplings, the combined fit yields a robust upper bound

of (see Fig. 5 left)

|cff (4⇡TeV)|
fa

. 3.6

TeV
. (3.18)
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Figure 1: Overview of the observables used in our analysis. The colored lines illustrate

which ALP couplings are mostly probed by each sector.

Here ↵ is the electromagnetic coupling, sw = sin ✓w and cw = cos ✓w are the sine and cosine

of the weak mixing angle, and Fµ⌫ , Zµ⌫ ,Wµ⌫ are the field strength tensors of the physical

gauge bosons. The couplings

c�� = cWW + cBB, c�Z = c2w cWW � s2wcBB, cZZ = c4w cWW + s4w cBB (2.5)

are defined at the weak scale µw = mZ . At energies above the weak scale, cWW and cBB

are not renormalized [44]. This allows us to express the couplings in (2.5) directly in terms

of cWW and cBB at the cuto↵ scale ⇤.

In the e↵ective Lagrangian (2.1), the ALP mass ma is a free parameter. For concreteness,

we set

ma = 300MeV (2.6)

throughout this work. The LHC and LEP observables we consider are insensitive to the

benchmark choice for ALPs with masses ma ⌧ mZ . For flavor observables, the bench-

mark (2.6) implies that ALPs can be resonantly produced in B meson decays and decay

mostly into muons. As a consequence, our interpretation of flavor data and the combination

with LHC results are benchmark-dependent.

The main goal of this work is to resolve the full parameter space of ALP couplings,

{cff , cGG, cWW , cBB}. We combine high-energy observables at the LHC and LEP, as

well as flavor observables at LHCb and Belle II that constrain the parameter space in all

directions. In Fig. 1, we illustrate the sensitivity of the di↵erent sectors to the ALP cou-

plings. Top, dijet and electroweak observables are su�cient to resolve the full parameter

space. Flavor observables are sensitive to an intricate combination of all four parameters.

When added to the high-energy observables, they drastically enhance the sensitivity of the

global fit.

This analysis serves as a proof of principle and contains only a small selective set of obser-

vables. The sensitivity of the global fit can be further improved in a more comprehensive

data analysis.

– 4 –
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The Wilson coe�cient Csb(µ) is generated through matching contributions of loops with

top quarks and W bosons. Using results from [40] and the TdAlps code to RG-evolve the

ALP parameters, we obtain the flavor-changing Wilson coe�cient at the weak scale as

Csb(µw) = (7.5499 cff � 0.0224 cGG � 0.0119 cWW � 0.0001 cBB) · 10�4, (4.3)

where all ALP couplings are defined at the cuto↵ scale ⇤ = 4⇡TeV and flavor universality

is assumed.7 Below the weak scale, the RG evolution of the coupling is mild, so that

Csb(µ < µw) = Csb(µw) holds to a good approximation.

The decay rate for B ! Ka is given by

�(B ! Ka) =
mB

64⇡

|Csb(mb)|2

f2
a

f2
0

�
m2

a

�✓
1 � m2

K

m2
B

◆2

�1/2(m2
B,m

2
K ,m2

a) , (4.4)

with the kinematic function �(a, b, c) = a2+b2+c2�2(ab+ac+bc). The scalar form factor

f0
�
m2

a

�
parametrizes hadronic B ! K transitions at momentum transfer q2 = m2

a [70].

Expressed in terms of ALP parameters at ⇤ = 4⇡TeV, the branching ratio for B+ ! K+a

reads

B(B+ ! K+a) = 0.1 |cff � 0.0030 cGG � 0.0016 cWW |2
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The decay width of the ALP depends on its mass. For ma < 3m⇡ and specifically in the

benchmark scenario withma = 300MeV, hadronic ALP decays are kinematically forbidden.

The total decay width of the ALP is then given by

�a =
X

`=e,µ

�(a ! `+`�) + �(a ! ��) . (4.6)

The partial widths for decays into leptons and photons are [13, 40]

�(a ! `+`�) = |c``(ma)|2
mam2

`
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a
, (4.7)

�(a ! ��) =
���Ce↵

�� (ma)
���
2 ⇣ ↵

4⇡

⌘2 m3
a

4f2
a
.

The branching ratio B(a ! µ+µ�) depends on the mass ma and on the relative size of

the couplings cee, cµµ and Ce↵
�� . For flavor-universal couplings c`` = cff , ALP decays into

electrons are suppressed compared to muons by the small electron mass. The e↵ective

ALP-photon coupling has been calculated in chiral perturbation theory, yielding [27, 40]

Ce↵
�� (ma) ⇡ c�� + cee(ma) + cµµ(ma) �

✓
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3
+

m2
⇡

m2
⇡ � m2

a

md � mu

md +mu

◆
cGG (4.8)

7
The full two-loop matching contributions of the ALP-gluon coupling to Csb(µw) have been calculated

in Ref. [69], but are not included here.

– 18 –

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>

ALP production and decay depend on all couplings.

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> ��, `¯̀, 3⇡, . . .

<latexit sha1_base64="3Nq2v9oULB+O5Y3xaOjRJKZmNhQ="></latexit><latexit sha1_base64="3Nq2v9oULB+O5Y3xaOjRJKZmNhQ="></latexit><latexit sha1_base64="3Nq2v9oULB+O5Y3xaOjRJKZmNhQ="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="I7PhZl9dknRzZfC17yaf2vyQ2Q4="></latexit><latexit sha1_base64="I7PhZl9dknRzZfC17yaf2vyQ2Q4="></latexit><latexit sha1_base64="rdOXyjFW5KtLmEJdjeMjt/OrGkU="></latexit><latexit sha1_base64="3Nq2v9oULB+O5Y3xaOjRJKZmNhQ="></latexit><latexit sha1_base64="3Nq2v9oULB+O5Y3xaOjRJKZmNhQ="></latexit><latexit sha1_base64="3Nq2v9oULB+O5Y3xaOjRJKZmNhQ="></latexit><latexit sha1_base64="3Nq2v9oULB+O5Y3xaOjRJKZmNhQ="></latexit><latexit sha1_base64="3Nq2v9oULB+O5Y3xaOjRJKZmNhQ="></latexit><latexit sha1_base64="3Nq2v9oULB+O5Y3xaOjRJKZmNhQ="></latexit>



Global ALP fit with flavor

21

�100 0 100
cGG/fa [TeV�1]

�4

�2

0

2

4

c f
f
/f

a
[T

eV
�

1 ]

...

Figure 6: Impact of flavor observables in a global analysis of the ALP parameter space

{cff , cGG, cWW , cBB} for ma = 300MeV. Shown are projections onto 2-dimensional planes

for selected combinations of ALP couplings cX(⇤), defined at the cuto↵ scale ⇤ = 4⇡TeV.

Left: LHC + B ! K /E (BaBar) [73]. Right: LHC + B ! K /E (BaBar) [73] + B !
K(µ+µ�) (LHCb) [71, 72]. The blue contours correspond to ��2 = 5.99 in a (profiled) 4-

parameter fit to high-energy observables (as in Fig. 5). The green-yellow areas show viable

parameter points obtained from a scan including bounds from the flavor observables. The

dark regions are disfavored by the combination of high-energy and flavor observables. A

small region around (0,0) is always allowed, but not visible in all panels. All parameters

cX are defined at the cuto↵ scale ⇤ = 4⇡TeV.

K /E. The correlation between cff and cGG is di↵erent than for B ! K /E, due to the

additional impact of cGG on the ALP decay width, which enters the branching ratio into

muons and the decay length of the ALP. Interestingly, a few parameter points are not

constrained by di-muon searches, but still by B ! K /E. This is the case if the ALP
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Figure 6: Impact of flavor observables in a global analysis of the ALP parameter space

{cff , cGG, cWW , cBB} for ma = 300MeV. Shown are projections onto 2-dimensional planes

for selected combinations of ALP couplings cX(⇤), defined at the cuto↵ scale ⇤ = 4⇡TeV.

Left: LHC + B ! K /E (BaBar) [73]. Right: LHC + B ! K /E (BaBar) [73] + B !
K(µ+µ�) (LHCb) [71, 72]. The blue contours correspond to ��2 = 5.99 in a (profiled) 4-

parameter fit to high-energy observables (as in Fig. 5). The green-yellow areas show viable

parameter points obtained from a scan including bounds from the flavor observables. The

dark regions are disfavored by the combination of high-energy and flavor observables. A

small region around (0,0) is always allowed, but not visible in all panels. All parameters

cX are defined at the cuto↵ scale ⇤ = 4⇡TeV.

K /E. The correlation between cff and cGG is di↵erent than for B ! K /E, due to the

additional impact of cGG on the ALP decay width, which enters the branching ratio into

muons and the decay length of the ALP. Interestingly, a few parameter points are not

constrained by di-muon searches, but still by B ! K /E. This is the case if the ALP
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Impact of ALP lifetime
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Scan parameter space with searches for long-lived ALPs. 
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Events at distance from production point:

ALP lifetime depends on all couplings:
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Figure 6: Impact of flavor observables in a global analysis of the ALP parameter space

{cff , cGG, cWW , cBB} for ma = 300MeV. Shown are projections onto 2-dimensional planes

for selected combinations of ALP couplings cX(⇤), defined at the cuto↵ scale ⇤ = 4⇡TeV.

Left: LHC + B ! K /E (BaBar) [73]. Right: LHC + B ! K /E (BaBar) [73] + B !
K(µ+µ�) (LHCb) [71, 72]. The blue contours correspond to ��2 = 5.99 in a (profiled) 4-

parameter fit to high-energy observables (as in Fig. 5). The green-yellow areas show viable

parameter points obtained from a scan including bounds from the flavor observables. The

dark regions are disfavored by the combination of high-energy and flavor observables. A

small region around (0,0) is always allowed, but not visible in all panels. All parameters

cX are defined at the cuto↵ scale ⇤ = 4⇡TeV.

K /E. The correlation between cff and cGG is di↵erent than for B ! K /E, due to the

additional impact of cGG on the ALP decay width, which enters the branching ratio into

muons and the decay length of the ALP. Interestingly, a few parameter points are not

constrained by di-muon searches, but still by B ! K /E. This is the case if the ALP
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global analysisFigure 1: Overview of the observables used in our analysis. The colored lines illustrate

which ALP couplings are mostly probed by each sector.

Here ↵ is the electromagnetic coupling, sw = sin ✓w and cw = cos ✓w are the sine and cosine

of the weak mixing angle, and Fµ⌫ , Zµ⌫ ,Wµ⌫ are the field strength tensors of the physical

gauge bosons. The couplings

c�� = cWW + cBB, c�Z = c2w cWW � s2wcBB, cZZ = c4w cWW + s4w cBB (2.5)

are defined at the weak scale µw = mZ . At energies above the weak scale, cWW and cBB

are not renormalized [44]. This allows us to express the couplings in (2.5) directly in terms

of cWW and cBB at the cuto↵ scale ⇤.

In the e↵ective Lagrangian (2.1), the ALP mass ma is a free parameter. For concreteness,

we set

ma = 300MeV (2.6)

throughout this work. The LHC and LEP observables we consider are insensitive to the

benchmark choice for ALPs with masses ma ⌧ mZ . For flavor observables, the bench-

mark (2.6) implies that ALPs can be resonantly produced in B meson decays and decay

mostly into muons. As a consequence, our interpretation of flavor data and the combination

with LHC results are benchmark-dependent.

The main goal of this work is to resolve the full parameter space of ALP couplings,

{cff , cGG, cWW , cBB}. We combine high-energy observables at the LHC and LEP, as

well as flavor observables at LHCb and Belle II that constrain the parameter space in all

directions. In Fig. 1, we illustrate the sensitivity of the di↵erent sectors to the ALP cou-

plings. Top, dijet and electroweak observables are su�cient to resolve the full parameter

space. Flavor observables are sensitive to an intricate combination of all four parameters.

When added to the high-energy observables, they drastically enhance the sensitivity of the

global fit.

This analysis serves as a proof of principle and contains only a small selective set of obser-

vables. The sensitivity of the global fit can be further improved in a more comprehensive

data analysis.

– 4 –
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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.

lifetime. We compare the predicted sensitivity with existing searches and indirect probes
for similar scenarios in Sec. 4.3.

To calculate the expected limits, we use the combine tool [62], which implements the
frequentist AsymptoticLimits method [63]. Limits were calculated for ALP mass points
(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% [64]. 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 signal efficiency and
30% in the background efficiency when computing expected limits.

Note that all of the results are presented assuming
p

s = 13 TeV, although a center-of-
mass energy of 14 TeV is expected at the HL-LHC. Thus, the results presented here for the
HL-LHC are conservative, considering the increase in the cross section expected at higherp

s.

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
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31

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
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