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Why the third generation?
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Dark scalars
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Scalar inherits Higgs couplings through mixing:
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yf cos!
<latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="ylSvQdGChvaMaQl6CVk2+DIrEaE="></latexit><latexit sha1_base64="ylSvQdGChvaMaQl6CVk2+DIrEaE="></latexit><latexit sha1_base64="2bH2KLY25Z5C1dytE4/kG/0s/C8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit>

! ! " v/m
<latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="hJqSR355ZYVL1A3Rc3MY+BiNpaM="></latexit><latexit sha1_base64="hJqSR355ZYVL1A3Rc3MY+BiNpaM="></latexit><latexit sha1_base64="2a7pn8dtJnN6OMNLcX3qpgmAaRI="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit>



Dark scalars
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Scalar inherits Higgs couplings through mixing:

L ! " ! |H |2" " y! ø##"
<latexit sha1_base64="aHeX++D4/CMV78Iw8gj06BSuKL0="></latexit><latexit sha1_base64="aHeX++D4/CMV78Iw8gj06BSuKL0="></latexit><latexit sha1_base64="aHeX++D4/CMV78Iw8gj06BSuKL0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="a2P+3q3MmqGcoGcAKDaHagvobKw="></latexit><latexit sha1_base64="a2P+3q3MmqGcoGcAKDaHagvobKw="></latexit><latexit sha1_base64="bSjYK9bOH//LTnVkdMrzVdVT73M="></latexit><latexit sha1_base64="aHeX++D4/CMV78Iw8gj06BSuKL0="></latexit><latexit sha1_base64="aHeX++D4/CMV78Iw8gj06BSuKL0="></latexit><latexit sha1_base64="aHeX++D4/CMV78Iw8gj06BSuKL0="></latexit><latexit sha1_base64="aHeX++D4/CMV78Iw8gj06BSuKL0="></latexit><latexit sha1_base64="aHeX++D4/CMV78Iw8gj06BSuKL0="></latexit><latexit sha1_base64="aHeX++D4/CMV78Iw8gj06BSuKL0="></latexit>

Fermion couplings are ßavor-hierarchical:

S

! v
<latexit sha1_base64="5I6xvgRGzC85RBUcLvnxbyHS1ws="></latexit><latexit sha1_base64="5I6xvgRGzC85RBUcLvnxbyHS1ws="></latexit><latexit sha1_base64="5I6xvgRGzC85RBUcLvnxbyHS1ws="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="frFHBvrbBTUW0wkrgXDKt7fPSrs="></latexit><latexit sha1_base64="frFHBvrbBTUW0wkrgXDKt7fPSrs="></latexit><latexit sha1_base64="qjoTWEVC45ewpWZB7OVimlCUMuE="></latexit><latexit sha1_base64="5I6xvgRGzC85RBUcLvnxbyHS1ws="></latexit><latexit sha1_base64="5I6xvgRGzC85RBUcLvnxbyHS1ws="></latexit><latexit sha1_base64="5I6xvgRGzC85RBUcLvnxbyHS1ws="></latexit><latexit sha1_base64="5I6xvgRGzC85RBUcLvnxbyHS1ws="></latexit><latexit sha1_base64="5I6xvgRGzC85RBUcLvnxbyHS1ws="></latexit><latexit sha1_base64="5I6xvgRGzC85RBUcLvnxbyHS1ws="></latexit>

xh0
<latexit sha1_base64="nYzQBjy2KO2l40LskC47HTaDqD8="></latexit><latexit sha1_base64="vyOFI7dF0oU1tpMf1yTA3pqW4mM="></latexit><latexit sha1_base64="vyOFI7dF0oU1tpMf1yTA3pqW4mM="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Lb+ZvWfrBUUYm6TiTYNv2e8rux4="></latexit><latexit sha1_base64="Lb+ZvWfrBUUYm6TiTYNv2e8rux4="></latexit><latexit sha1_base64="wDOyDJ8PigM2JwjZW2brUq+YTj0="></latexit><latexit sha1_base64="wDOyDJ8PigM2JwjZW2brUq+YTj0="></latexit><latexit sha1_base64="vyOFI7dF0oU1tpMf1yTA3pqW4mM="></latexit><latexit sha1_base64="vyOFI7dF0oU1tpMf1yTA3pqW4mM="></latexit><latexit sha1_base64="vyOFI7dF0oU1tpMf1yTA3pqW4mM="></latexit><latexit sha1_base64="vyOFI7dF0oU1tpMf1yTA3pqW4mM="></latexit><latexit sha1_base64="wDOyDJ8PigM2JwjZW2brUq+YTj0="></latexit>

!
<latexit sha1_base64="eM8yyVznW/YLtTWpCbBJ0TRIBwI="></latexit><latexit sha1_base64="fogwM649MhehYATHF3h0/KUjEqk="></latexit><latexit sha1_base64="fogwM649MhehYATHF3h0/KUjEqk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="g6/28AkOY4W6Pc8eJhIz1eZFWzI="></latexit><latexit sha1_base64="g6/28AkOY4W6Pc8eJhIz1eZFWzI="></latexit><latexit sha1_base64="dCkFghSD1+N6T44HQsFsuNFJWDE="></latexit><latexit sha1_base64="dCkFghSD1+N6T44HQsFsuNFJWDE="></latexit><latexit sha1_base64="fogwM649MhehYATHF3h0/KUjEqk="></latexit><latexit sha1_base64="fogwM649MhehYATHF3h0/KUjEqk="></latexit><latexit sha1_base64="fogwM649MhehYATHF3h0/KUjEqk="></latexit><latexit sha1_base64="fogwM649MhehYATHF3h0/KUjEqk="></latexit><latexit sha1_base64="dCkFghSD1+N6T44HQsFsuNFJWDE="></latexit>

h
<latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="E1CBTZBMCARR0q+zdi7ypUjMXuU="></latexit><latexit sha1_base64="E1CBTZBMCARR0q+zdi7ypUjMXuU="></latexit><latexit sha1_base64="OjGEP7w9HV2ceI+tEI6qaKvzALg="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit>

f
<latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mPruwqR7C4GKVm+uPk57t8s6dmY="></latexit><latexit sha1_base64="mPruwqR7C4GKVm+uPk57t8s6dmY="></latexit><latexit sha1_base64="b01qkTmVjmc1QZ9Qr5BqqQyZXX8="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit>

øf
<latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="vvGo/ojXnqVl+hMKzOyudwdr+Pk="></latexit><latexit sha1_base64="vvGo/ojXnqVl+hMKzOyudwdr+Pk="></latexit><latexit sha1_base64="Dl7IQ4QtyvqaGa5s1xd9IvMxVbY="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit>

f
<latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mPruwqR7C4GKVm+uPk57t8s6dmY="></latexit><latexit sha1_base64="mPruwqR7C4GKVm+uPk57t8s6dmY="></latexit><latexit sha1_base64="b01qkTmVjmc1QZ9Qr5BqqQyZXX8="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit>

øf
<latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="vvGo/ojXnqVl+hMKzOyudwdr+Pk="></latexit><latexit sha1_base64="vvGo/ojXnqVl+hMKzOyudwdr+Pk="></latexit><latexit sha1_base64="Dl7IQ4QtyvqaGa5s1xd9IvMxVbY="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit>

f
<latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mPruwqR7C4GKVm+uPk57t8s6dmY="></latexit><latexit sha1_base64="mPruwqR7C4GKVm+uPk57t8s6dmY="></latexit><latexit sha1_base64="b01qkTmVjmc1QZ9Qr5BqqQyZXX8="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit>

øf
<latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="vvGo/ojXnqVl+hMKzOyudwdr+Pk="></latexit><latexit sha1_base64="vvGo/ojXnqVl+hMKzOyudwdr+Pk="></latexit><latexit sha1_base64="Dl7IQ4QtyvqaGa5s1xd9IvMxVbY="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit>

S
t

<latexit sha1_base64="726M2FfeJULrr6eaJXnx5q6AeiM="></latexit><latexit sha1_base64="p/qUvxpoajWZfXVUUOiXLIKMjd8="></latexit><latexit sha1_base64="p/qUvxpoajWZfXVUUOiXLIKMjd8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="dZDgqBcxa4embSsRbWdTgUyeg/A="></latexit><latexit sha1_base64="dZDgqBcxa4embSsRbWdTgUyeg/A="></latexit><latexit sha1_base64="npOFmjGCxCG6dFr32rzs4BR5eQk="></latexit><latexit sha1_base64="npOFmjGCxCG6dFr32rzs4BR5eQk="></latexit><latexit sha1_base64="p/qUvxpoajWZfXVUUOiXLIKMjd8="></latexit><latexit sha1_base64="p/qUvxpoajWZfXVUUOiXLIKMjd8="></latexit><latexit sha1_base64="p/qUvxpoajWZfXVUUOiXLIKMjd8="></latexit><latexit sha1_base64="p/qUvxpoajWZfXVUUOiXLIKMjd8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="dZDgqBcxa4embSsRbWdTgUyeg/A="></latexit><latexit sha1_base64="dZDgqBcxa4embSsRbWdTgUyeg/A="></latexit><latexit sha1_base64="npOFmjGCxCG6dFr32rzs4BR5eQk="></latexit><latexit sha1_base64="npOFmjGCxCG6dFr32rzs4BR5eQk="></latexit><latexit sha1_base64="p/qUvxpoajWZfXVUUOiXLIKMjd8="></latexit><latexit sha1_base64="p/qUvxpoajWZfXVUUOiXLIKMjd8="></latexit><latexit sha1_base64="p/qUvxpoajWZfXVUUOiXLIKMjd8="></latexit><latexit sha1_base64="p/qUvxpoajWZfXVUUOiXLIKMjd8="></latexit><latexit sha1_base64="npOFmjGCxCG6dFr32rzs4BR5eQk="></latexit>

øt
<latexit sha1_base64="mEAfW/GzXtlXA5rWIggcVhEexxM="></latexit><latexit sha1_base64="t3Mng8FGlmrFaJdoANpP4Y8Elc8="></latexit><latexit sha1_base64="t3Mng8FGlmrFaJdoANpP4Y8Elc8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="4fgJy4JaB9Y2Zr2Rxo7fAvlvdic="></latexit><latexit sha1_base64="4fgJy4JaB9Y2Zr2Rxo7fAvlvdic="></latexit><latexit sha1_base64="t3Mng8FGlmrFaJdoANpP4Y8Elc8="></latexit><latexit sha1_base64="t3Mng8FGlmrFaJdoANpP4Y8Elc8="></latexit><latexit sha1_base64="t3Mng8FGlmrFaJdoANpP4Y8Elc8="></latexit><latexit sha1_base64="t3Mng8FGlmrFaJdoANpP4Y8Elc8="></latexit><latexit sha1_base64="4fgJy4JaB9Y2Zr2Rxo7fAvlvdic="></latexit>

S
µ+

<latexit sha1_base64="KszM3pi+9M+55m567N/t3nBa1yI="></latexit><latexit sha1_base64="ssTFNmFDle7h+9/AwCxwys22swc="></latexit><latexit sha1_base64="ssTFNmFDle7h+9/AwCxwys22swc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="DL460DG8BNpopTFs/2UvPDuMhLU="></latexit><latexit sha1_base64="DL460DG8BNpopTFs/2UvPDuMhLU="></latexit><latexit sha1_base64="E4QqObtzG9NuylIdiVw1fbqXsto="></latexit><latexit sha1_base64="E4QqObtzG9NuylIdiVw1fbqXsto="></latexit><latexit sha1_base64="ssTFNmFDle7h+9/AwCxwys22swc="></latexit><latexit sha1_base64="ssTFNmFDle7h+9/AwCxwys22swc="></latexit><latexit sha1_base64="ssTFNmFDle7h+9/AwCxwys22swc="></latexit><latexit sha1_base64="ssTFNmFDle7h+9/AwCxwys22swc="></latexit><latexit sha1_base64="E4QqObtzG9NuylIdiVw1fbqXsto="></latexit>

µ!
<latexit sha1_base64="/ty6U2TD3AVxsliloFHpALnTjoc="></latexit><latexit sha1_base64="kfx8bTVXeDryIKyznZUIzdI4hgU="></latexit><latexit sha1_base64="kfx8bTVXeDryIKyznZUIzdI4hgU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="V6AGTyy/rjzLynPAkClaBTZ6Iuc="></latexit><latexit sha1_base64="V6AGTyy/rjzLynPAkClaBTZ6Iuc="></latexit><latexit sha1_base64="naW9rvAC7zQwmruiraxr+kQ5V/s="></latexit><latexit sha1_base64="naW9rvAC7zQwmruiraxr+kQ5V/s="></latexit><latexit sha1_base64="kfx8bTVXeDryIKyznZUIzdI4hgU="></latexit><latexit sha1_base64="kfx8bTVXeDryIKyznZUIzdI4hgU="></latexit><latexit sha1_base64="kfx8bTVXeDryIKyznZUIzdI4hgU="></latexit><latexit sha1_base64="kfx8bTVXeDryIKyznZUIzdI4hgU="></latexit><latexit sha1_base64="naW9rvAC7zQwmruiraxr+kQ5V/s="></latexit>

!
<latexit sha1_base64="X7OYKB8fmh0dabMiS0cVxe7WSTw="></latexit><latexit sha1_base64="4XEVHkXGDllp1iPIu2Ar6PP51nE="></latexit><latexit sha1_base64="4XEVHkXGDllp1iPIu2Ar6PP51nE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="LhRF1Om1Xnvq+juRGN0WY1Xq5ik="></latexit><latexit sha1_base64="LhRF1Om1Xnvq+juRGN0WY1Xq5ik="></latexit><latexit sha1_base64="HiRp446bjZu8nI+lBk0IY1tXoN4="></latexit><latexit sha1_base64="HiRp446bjZu8nI+lBk0IY1tXoN4="></latexit><latexit sha1_base64="4XEVHkXGDllp1iPIu2Ar6PP51nE="></latexit><latexit sha1_base64="4XEVHkXGDllp1iPIu2Ar6PP51nE="></latexit><latexit sha1_base64="4XEVHkXGDllp1iPIu2Ar6PP51nE="></latexit><latexit sha1_base64="4XEVHkXGDllp1iPIu2Ar6PP51nE="></latexit><latexit sha1_base64="HiRp446bjZu8nI+lBk0IY1tXoN4="></latexit>

yf sin !
<latexit sha1_base64="BHf80WtZ4hOioiu78fQZh+nFGR8="></latexit><latexit sha1_base64="BHf80WtZ4hOioiu78fQZh+nFGR8="></latexit><latexit sha1_base64="BHf80WtZ4hOioiu78fQZh+nFGR8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="1ZfCiA1XB4hO3PvznyRAK41KHUo="></latexit><latexit sha1_base64="1ZfCiA1XB4hO3PvznyRAK41KHUo="></latexit><latexit sha1_base64="OS6BGA5Zb83vJK0ltRNsM9DSVqI="></latexit><latexit sha1_base64="BHf80WtZ4hOioiu78fQZh+nFGR8="></latexit><latexit sha1_base64="BHf80WtZ4hOioiu78fQZh+nFGR8="></latexit><latexit sha1_base64="BHf80WtZ4hOioiu78fQZh+nFGR8="></latexit><latexit sha1_base64="BHf80WtZ4hOioiu78fQZh+nFGR8="></latexit><latexit sha1_base64="BHf80WtZ4hOioiu78fQZh+nFGR8="></latexit><latexit sha1_base64="BHf80WtZ4hOioiu78fQZh+nFGR8="></latexit>

yf cos!
<latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="ylSvQdGChvaMaQl6CVk2+DIrEaE="></latexit><latexit sha1_base64="ylSvQdGChvaMaQl6CVk2+DIrEaE="></latexit><latexit sha1_base64="2bH2KLY25Z5C1dytE4/kG/0s/C8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit>

! ! " v/m
<latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="hJqSR355ZYVL1A3Rc3MY+BiNpaM="></latexit><latexit sha1_base64="hJqSR355ZYVL1A3Rc3MY+BiNpaM="></latexit><latexit sha1_base64="2a7pn8dtJnN6OMNLcX3qpgmAaRI="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit>

S
b,!

<latexit sha1_base64="LCz0Yn6l0so4FlJNeqEqK0tqbag="></latexit><latexit sha1_base64="LCz0Yn6l0so4FlJNeqEqK0tqbag="></latexit><latexit sha1_base64="LCz0Yn6l0so4FlJNeqEqK0tqbag="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="bBBLYf7hlN22yL70BS6QCO2R/Z0="></latexit><latexit sha1_base64="bBBLYf7hlN22yL70BS6QCO2R/Z0="></latexit><latexit sha1_base64="TiWMd4bj3sgnLYSbBrM9KUWwHsM="></latexit><latexit sha1_base64="LCz0Yn6l0so4FlJNeqEqK0tqbag="></latexit><latexit sha1_base64="LCz0Yn6l0so4FlJNeqEqK0tqbag="></latexit><latexit sha1_base64="LCz0Yn6l0so4FlJNeqEqK0tqbag="></latexit><latexit sha1_base64="LCz0Yn6l0so4FlJNeqEqK0tqbag="></latexit><latexit sha1_base64="LCz0Yn6l0so4FlJNeqEqK0tqbag="></latexit><latexit sha1_base64="LCz0Yn6l0so4FlJNeqEqK0tqbag="></latexit>

øb,ø!
<latexit sha1_base64="PPXXA+hl8lQZ+lgERHwOtV9jCBo="></latexit><latexit sha1_base64="PPXXA+hl8lQZ+lgERHwOtV9jCBo="></latexit><latexit sha1_base64="PPXXA+hl8lQZ+lgERHwOtV9jCBo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="w2al1qlk4JF8X10SlzI9+8PfNmU="></latexit><latexit sha1_base64="w2al1qlk4JF8X10SlzI9+8PfNmU="></latexit><latexit sha1_base64="PoHBLnFX4/8aobIt/9uT02NFWW4="></latexit><latexit sha1_base64="PPXXA+hl8lQZ+lgERHwOtV9jCBo="></latexit><latexit sha1_base64="PPXXA+hl8lQZ+lgERHwOtV9jCBo="></latexit><latexit sha1_base64="PPXXA+hl8lQZ+lgERHwOtV9jCBo="></latexit><latexit sha1_base64="PPXXA+hl8lQZ+lgERHwOtV9jCBo="></latexit><latexit sha1_base64="PPXXA+hl8lQZ+lgERHwOtV9jCBo="></latexit><latexit sha1_base64="PPXXA+hl8lQZ+lgERHwOtV9jCBo="></latexit>

>
<latexit sha1_base64="TYxNaKll2mC5wJQ7Ea8XrZOck28="></latexit><latexit sha1_base64="TYxNaKll2mC5wJQ7Ea8XrZOck28="></latexit><latexit sha1_base64="TYxNaKll2mC5wJQ7Ea8XrZOck28="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="QOA8By42g7WQKzp5fuCePc2HIig="></latexit><latexit sha1_base64="QOA8By42g7WQKzp5fuCePc2HIig="></latexit><latexit sha1_base64="pqw9z4e6aKx6XD14rsE7yaYG+GU="></latexit><latexit sha1_base64="TYxNaKll2mC5wJQ7Ea8XrZOck28="></latexit><latexit sha1_base64="TYxNaKll2mC5wJQ7Ea8XrZOck28="></latexit><latexit sha1_base64="TYxNaKll2mC5wJQ7Ea8XrZOck28="></latexit><latexit sha1_base64="TYxNaKll2mC5wJQ7Ea8XrZOck28="></latexit><latexit sha1_base64="TYxNaKll2mC5wJQ7Ea8XrZOck28="></latexit><latexit sha1_base64="TYxNaKll2mC5wJQ7Ea8XrZOck28="></latexit>
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Scalar inherits Higgs couplings through mixing:

L ! " ! |H |2" " y! ø##"
<latexit sha1_base64="aHeX++D4/CMV78Iw8gj06BSuKL0="></latexit><latexit sha1_base64="aHeX++D4/CMV78Iw8gj06BSuKL0="></latexit><latexit sha1_base64="aHeX++D4/CMV78Iw8gj06BSuKL0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="a2P+3q3MmqGcoGcAKDaHagvobKw="></latexit><latexit sha1_base64="a2P+3q3MmqGcoGcAKDaHagvobKw="></latexit><latexit sha1_base64="bSjYK9bOH//LTnVkdMrzVdVT73M="></latexit><latexit sha1_base64="aHeX++D4/CMV78Iw8gj06BSuKL0="></latexit><latexit sha1_base64="aHeX++D4/CMV78Iw8gj06BSuKL0="></latexit><latexit sha1_base64="aHeX++D4/CMV78Iw8gj06BSuKL0="></latexit><latexit sha1_base64="aHeX++D4/CMV78Iw8gj06BSuKL0="></latexit><latexit sha1_base64="aHeX++D4/CMV78Iw8gj06BSuKL0="></latexit><latexit sha1_base64="aHeX++D4/CMV78Iw8gj06BSuKL0="></latexit>

S

! v
<latexit sha1_base64="5I6xvgRGzC85RBUcLvnxbyHS1ws="></latexit><latexit sha1_base64="5I6xvgRGzC85RBUcLvnxbyHS1ws="></latexit><latexit sha1_base64="5I6xvgRGzC85RBUcLvnxbyHS1ws="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="frFHBvrbBTUW0wkrgXDKt7fPSrs="></latexit><latexit sha1_base64="frFHBvrbBTUW0wkrgXDKt7fPSrs="></latexit><latexit sha1_base64="qjoTWEVC45ewpWZB7OVimlCUMuE="></latexit><latexit sha1_base64="5I6xvgRGzC85RBUcLvnxbyHS1ws="></latexit><latexit sha1_base64="5I6xvgRGzC85RBUcLvnxbyHS1ws="></latexit><latexit sha1_base64="5I6xvgRGzC85RBUcLvnxbyHS1ws="></latexit><latexit sha1_base64="5I6xvgRGzC85RBUcLvnxbyHS1ws="></latexit><latexit sha1_base64="5I6xvgRGzC85RBUcLvnxbyHS1ws="></latexit><latexit sha1_base64="5I6xvgRGzC85RBUcLvnxbyHS1ws="></latexit>

xh0
<latexit sha1_base64="nYzQBjy2KO2l40LskC47HTaDqD8="></latexit><latexit sha1_base64="vyOFI7dF0oU1tpMf1yTA3pqW4mM="></latexit><latexit sha1_base64="vyOFI7dF0oU1tpMf1yTA3pqW4mM="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Lb+ZvWfrBUUYm6TiTYNv2e8rux4="></latexit><latexit sha1_base64="Lb+ZvWfrBUUYm6TiTYNv2e8rux4="></latexit><latexit sha1_base64="wDOyDJ8PigM2JwjZW2brUq+YTj0="></latexit><latexit sha1_base64="wDOyDJ8PigM2JwjZW2brUq+YTj0="></latexit><latexit sha1_base64="vyOFI7dF0oU1tpMf1yTA3pqW4mM="></latexit><latexit sha1_base64="vyOFI7dF0oU1tpMf1yTA3pqW4mM="></latexit><latexit sha1_base64="vyOFI7dF0oU1tpMf1yTA3pqW4mM="></latexit><latexit sha1_base64="vyOFI7dF0oU1tpMf1yTA3pqW4mM="></latexit><latexit sha1_base64="wDOyDJ8PigM2JwjZW2brUq+YTj0="></latexit>

!
<latexit sha1_base64="eM8yyVznW/YLtTWpCbBJ0TRIBwI="></latexit><latexit sha1_base64="fogwM649MhehYATHF3h0/KUjEqk="></latexit><latexit sha1_base64="fogwM649MhehYATHF3h0/KUjEqk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="g6/28AkOY4W6Pc8eJhIz1eZFWzI="></latexit><latexit sha1_base64="g6/28AkOY4W6Pc8eJhIz1eZFWzI="></latexit><latexit sha1_base64="dCkFghSD1+N6T44HQsFsuNFJWDE="></latexit><latexit sha1_base64="dCkFghSD1+N6T44HQsFsuNFJWDE="></latexit><latexit sha1_base64="fogwM649MhehYATHF3h0/KUjEqk="></latexit><latexit sha1_base64="fogwM649MhehYATHF3h0/KUjEqk="></latexit><latexit sha1_base64="fogwM649MhehYATHF3h0/KUjEqk="></latexit><latexit sha1_base64="fogwM649MhehYATHF3h0/KUjEqk="></latexit><latexit sha1_base64="dCkFghSD1+N6T44HQsFsuNFJWDE="></latexit>

h
<latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="E1CBTZBMCARR0q+zdi7ypUjMXuU="></latexit><latexit sha1_base64="E1CBTZBMCARR0q+zdi7ypUjMXuU="></latexit><latexit sha1_base64="OjGEP7w9HV2ceI+tEI6qaKvzALg="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit>

yf sin !
<latexit sha1_base64="BHf80WtZ4hOioiu78fQZh+nFGR8="></latexit><latexit sha1_base64="BHf80WtZ4hOioiu78fQZh+nFGR8="></latexit><latexit sha1_base64="BHf80WtZ4hOioiu78fQZh+nFGR8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="1ZfCiA1XB4hO3PvznyRAK41KHUo="></latexit><latexit sha1_base64="1ZfCiA1XB4hO3PvznyRAK41KHUo="></latexit><latexit sha1_base64="OS6BGA5Zb83vJK0ltRNsM9DSVqI="></latexit><latexit sha1_base64="BHf80WtZ4hOioiu78fQZh+nFGR8="></latexit><latexit sha1_base64="BHf80WtZ4hOioiu78fQZh+nFGR8="></latexit><latexit sha1_base64="BHf80WtZ4hOioiu78fQZh+nFGR8="></latexit><latexit sha1_base64="BHf80WtZ4hOioiu78fQZh+nFGR8="></latexit><latexit sha1_base64="BHf80WtZ4hOioiu78fQZh+nFGR8="></latexit><latexit sha1_base64="BHf80WtZ4hOioiu78fQZh+nFGR8="></latexit>

yf cos!
<latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="ylSvQdGChvaMaQl6CVk2+DIrEaE="></latexit><latexit sha1_base64="ylSvQdGChvaMaQl6CVk2+DIrEaE="></latexit><latexit sha1_base64="2bH2KLY25Z5C1dytE4/kG/0s/C8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit><latexit sha1_base64="LYfKdLySi5qblRSTe+/TGXa7pb8="></latexit>

! ! " v/m
<latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="hJqSR355ZYVL1A3Rc3MY+BiNpaM="></latexit><latexit sha1_base64="hJqSR355ZYVL1A3Rc3MY+BiNpaM="></latexit><latexit sha1_base64="2a7pn8dtJnN6OMNLcX3qpgmAaRI="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit><latexit sha1_base64="QaExG6Cl/IalweIt8bgywz7RxsA="></latexit>

f
<latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mPruwqR7C4GKVm+uPk57t8s6dmY="></latexit><latexit sha1_base64="mPruwqR7C4GKVm+uPk57t8s6dmY="></latexit><latexit sha1_base64="b01qkTmVjmc1QZ9Qr5BqqQyZXX8="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit>

øf
<latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="vvGo/ojXnqVl+hMKzOyudwdr+Pk="></latexit><latexit sha1_base64="vvGo/ojXnqVl+hMKzOyudwdr+Pk="></latexit><latexit sha1_base64="Dl7IQ4QtyvqaGa5s1xd9IvMxVbY="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit><latexit sha1_base64="KCYdNmSCeuBXsOK6c7LK5+LPfjU="></latexit>

f
<latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mPruwqR7C4GKVm+uPk57t8s6dmY="></latexit><latexit sha1_base64="mPruwqR7C4GKVm+uPk57t8s6dmY="></latexit><latexit sha1_base64="b01qkTmVjmc1QZ9Qr5BqqQyZXX8="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit><latexit sha1_base64="+4OGGVdUsqNmpqN2wVqQYT9abeI="></latexit>
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Long scalar lifetime

for small Higgs mixing

decay near threshold

suppr. invisible decay

Scalar width

2

given by

L y = y� (s✓ ø��h� c✓ ø��S) (2)

�

X

f

mf

v

�
c✓

øffh + s✓
øffS

�
,

wheres✓ and c✓ denote the sine and cosine of the mix-
ing angle ✓ [19]. The dark scalar inherits the ßavor-
hierarchical Yukawa couplings of the Higgs boson to
standard-model fermionsf . This ßavor hierarchy is
characteristic for scalar mediators and distinguishes
them from mediators with ßavor-universal couplings,
for example dark photons coupling through kinetic
mixing [27].

The phenomenology of the dark scalar critically de-
pends on its decay width

�S = s
2
✓ �SM + c

2
✓ ���̄ , (3)

where �SM and ���̄ denote the partial widths into
standard-model particles and dark fermions, and we
have factored out the dependence on the mixing an-
gle ✓. The branching ratios into leptons ` and dark
fermions � are

B(S ! `ø̀) =
s
2
✓ �`¯̀

�S
=

m
2
`s

2
✓

8⇡v2
mS

�S

✓
1�

4m2
`

m
2
S

◆3/ 2

, (4)

B(S ! �ø�) =
c
2
✓ ���̄

�S
=

y
2
�c

2
✓

8⇡
mS

�S

✓
1�

4m2
�

m
2
S

◆3/ 2

.

Scalars in the GeV range decay into ÒvisibleÓ Þnal
states with leptons or light mesons. For hadronic
decays we adopt the predictions from Ref. [11], which
are based on dispersion relations formS < 2 GeV and
on a perturbative spectator model for higher masses.
Below the di-muon threshold the scalar decays into
two photons [12].

Visible decays into standard-model particles domi-
nate for mS < 2m�, where the decay to dark fermions
is kinematically forbidden. Invisible decays dominate
for mS > 2m� and y�c✓ > m`s✓/v. Due to the small
Yukawa coupling m`/v, this condition is fulÞlled even
for very weak dark fermion couplingsy�.

The production of dark scalars inBq meson decays
relies on e↵ective ßavor-changing currents (q = s, d)

L e↵ =
Cbq

v
(mb qL bR + mq qR bL ) S . (5)

Since the fundamental scalar couplings are ßavor-
diagonal and hierarchical, these interactions are loop-
induced through the large top-quark coupling. The
Wilson coe�cient

Cbq =
3
p

2GF m
2
t

16⇡2
VtbV

⇤
tq s✓ + O

✓
m

2
S

m
2
W

◆
(6)

is identical to the Higgs penguin [28, 29], multiplied
by the scalar mixing s✓. This interaction induces two-
body decaysB ! MS, where M = K,K

⇤
,⇡, ⇢, . . . ,

or K ! ⇡S provided that the Þnal state can be pro-
duced resonantly. The branching ratio for B+

!

K
+
S decays is given by1

B(B+
! K

+
S) =

p
2GF |Cbs|

2

64⇡�B +m
3
B

(mb + ms)2

(mb �ms)2
f
2
0

�
m

2
S

�

(7)

⇥
�
m

2
B �m

2
K

�2⇥
(m2

B �m
2
K �m

2
S)2 � 4m2

K m
2
S

⇤ 1
2
,

where �B + is the total decay width of the B
+ me-

son andf0(m2
S) is the scalar hadronic form factor at

momentum transfer q2 = m
2
S [31]. With B(B+

!

K
+
S) ⇡ 0.5s2✓ the scalar production rate is large

for sizeable mixing. Observable branching ratios for
B ! K`ø̀ and B ! K�ø� decays through a narrow
scalar resonance are Þnally given by

B
�
B ! KS

�
B
�
S ! `ø̀� / s

2
✓
s
2
✓�`¯̀

�S
, (8)

B
�
B ! KS

�
B
�
S ! �ø�

�
/ s

2
✓
c
2
✓���̄

�S
.

For B(S ! �ø�) = 0 the scalar always decays into
visible Þnal states. If the mixing is small the scalar
becomes long-lived at detector scales and leaves sig-
natures with displaced vertices, for instance displaced
muon pairs from B ! KS(! µøµ) decays. For
B
�
S ! �ø�

�
⇡ 1 the scalar decays invisibly and cre-

ates signatures with missing energy.

III. MISSING ENERGY SIGNATURES

We start by exploring observables with missing en-
ergy, assuming that the scalar decays dominantly
into invisible Þnal states. Rare meson decays like
B ! K /E are very sensitive to scalar contributions
B ! KS(! �ø�). From Eq. (8) we see that for
�S ⇡ c

2
✓���̄ the rate scales likes2✓ and does not de-

pend on the scalarÕs decay. Searches forB ! K /E

are therefore blind to the exact properties of the dark
sector and applicable for a wider range of models.

Since the dark particles escape the detector, the
Þnal state is the same as inB ! K⌫ø⌫ with neutri-
nos. Searches forB ! K⌫ø⌫ have been performed by
BaBar [32, 33] and Belle [34, 35] using both hadronic

1 For general expressions for B ! MS and K ! MS decays
see Refs. [20, 30].

Nominal decay length c! S = ! ! 1
S
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FIG. 10. Benchmark Model S1. The decay length (top left panel), decay branching fractions
(bottom left panel), and FASERÕs reach (right panel) for the dark Higgs boson with negligible
trilinear coupling to the SM Higgs. The gray shaded regions are excluded, and the colored contours
are the projected sensitivities of other proposed experiments; see text for details.

bosons. For the latter mechanism, SM Higgs bosons can decay throughh ! !! , yielding a
signal of invisible Higgs decays that can be discovered at ATLAS or CMS or Higgs bosons
decaying to LLPs, which can be discovered by MATHUSLA, for example. However, the
trilinear coupling also yields a new production mechanism for FASER, namely, rareB
decays to strange hadrons and an o! -shell Higgs boson, leading toB ! X sh⇤ ! X s!! .
The corresponding decay branching fraction is given by [72, 73]

B(B ! X s!! ) =
C2" 2

" B

m5
b

256#3
f
✓

m�

mb

◆
, (19)

whereC = 4.9 " 10�8 GeV�2, and f is given by [26]

f (x) =
1
3

#
1 $ 4x2(1 + 5x2 $ 6x4) $ 4x2(1 $ 2x2 + 2x4) log


1

2x

⇣
1 +

#
1 $ 4x2

⌘�
. (20)

Decay and Lifetime: If $ > 0, the dark Higgs can decay into SM fermions, and its decay
width and branching fractions are as discussed in Sec.V A .

Results: The expected reach of FASER 2 for dark Higgs bosons with sizable trilinear cou-
plings is shown in the right panel of Fig.11. The shaded contours show results, the reach
obtained from the dark Higgs pair production process only, for" = 0.0046, 0.0015 cor-
responding toB(h ! !! ) % 4700" 2 = 10%, 1%. The larger value is currently allowed.
The smaller value will be very challenging to probe through invisible Higgs decays even
at the HL-LHC, but could be probed by other future colliders, such as the ILC [74] and
FCC [75].

As can be seen, the additional production mechanism through o! -shell SM Higgs boson
B ! X s!! allows FASER to probe parameter space reaching to lower values of the

22

FASER 2018

S
sin ✓
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Rare meson decays:

Evans et al. 2017; Winkler 2018; Boiarska et al. 2019; Filimonova, Schaefer, Westhoff 2019

B(B ! KS )B(S ! ff ) " s2
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Tops and displaced particles?
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in B decays was also performed by BaBar which looked
for the inclusive processB ! X s! with ! further de-
caying into leptons or hadrons [53]. The pion channel is
most relevant since it excludes a small parameter region
not covered by the previously mentioned LHCb searches.

0 1 2 3 4

10- 4

10- 3

10- 2

m�� [GeV]

s �
�

B+�� K++�� �� (displaced)

B0�� K*0+�� �� (displaced)

B+�� K++�� �� (prompt)

FIG. 6. LHCb constraints on light scalars derived from rare
B decays.

Scalar masses of up to a few hundred MeV can be
probed by rare kaon decays. We include the upper limit
BrK L! ! 0 +øµµ < 3.8 á10" 10 stemming from the KTeV ex-
periment [54] in our analysis. Again, ! -mediated pro-
cesses only contribute to the rate if! decays su! ciently
promptly. Since KTeV is a Þxed-target experiment, event
reconstruction mostly depends on the transverse vertex
location. Following [55] we assume that events with a
(boosted) transverse scalar decay length below 4mm pass
the trigger. The corresponding e! ciency factor is cal-
culated using (34) with p" replaced by the transverse
momentum. The distribution of transverse momenta is
again determined with PYTHIA.

Below the muon threshold, the scalar typically escapes
detection due to its long lifetime. It still leaves a trace
in the form of missing energy. The search forK + !
" + + ø## by E949 is used to set limits on BrK + ! ! + " as
a function of the scalar mass and lifetime [56]. In this
case, visible decays of! are vetoed, and the sensitivity
increases with the lifetime of the scalar. We determine
the corresponding exclusion in them" -s# plane.

Figure 8 shows that rare decays set the strongest con-
straints on light scalars over wide regions of the param-
eter space. Mixing angles down tos# = 10" 3 " 10" 4 are
excluded for m" < m B " mK unless m" resides in the
vicinity of the charmonium resonancesJ/ $ , $ (2S). The
limits substantially degrade once scalar production inB
decays becomes kinematically inaccessible.

B. Collider Searches

At LEP, searches for Higgs bosons and Higgs-like
scalars have been performed through the process øee !
Z #! . In the considered mass window, the strongest con-
straints are set by L3 [57]. Strictly speaking, these apply
to scalars which share the exact decay properties of a SM
Higgs boson (at the considered mass). Since the mixing
angle s# suppresses the couplings of! compared to the
Higgs one may worry that the longer decay length inval-
idates the bounds. This is not the case: for the range of
s# ! 0.1 covered by the search, a light SM Higgs and a
light scalar would both decay mostly invisibly (on detec-
tor scales) below the muon threshold and visibly above.
Even in the GeV range, the L3 analysis can be consid-
ered robust since it merely relies on the dominance of
hadronic decay modes, while the particular enhancement
of the pionic decay rate does not play a role. Above the
B meson mass, LEP still sets the strongest constraints
on light scalars (see Þgure 8).

Turning to the LHC, light scalars are constrained by
the search for spin-0 resonances in the dimuon channel.
CMS and LHCb provided constraints on%pp! " # Br" ! øµµ
at

$
s = 7 TeV and 8 TeV respectively [58, 59] (see

also [60]). In the covered mass rangem" = 5 .5" 15 GeV,
scalar production by B -meson decay is kinematically for-
bidden which makes gluon fusion the relevant process.
We calculated the corresponding cross section with the
tool SUSHI 1.6.1 [61] in order to translate the limits into
exclusions ons# (see Þgure 8). Additional LHC con-
straints on light scalars arise from the non-observation
of exotic Higgs decays. These shall not be considered in
this work since they rely on the model-dependent Higgs-
scalar coupling and, furthermore, only lead to subdomi-
nant exclusions in the considered mass range [24]. For
proposed detector concepts (MATHUSLA, CODEX-b,
FASER) which would increase the LHC sensitivity to
light scalars, we refer to [22, 46, 47].

C. Beam Dump Experiments

Beam dump experiments with detectors located
O(100 m) away from the interaction point provide a sen-
sitive laboratory to search for long-lived particles. Light
scalars are most e! ciently generated by B and K me-
son decays. For a proton beam impinging on a thick
target which absorbs hadrons e! ciently, the number of
produced scalars can be estimated as

N" % Np.o.t.
!
nB BrB ! X s" + &&" 1

K ' ' H nK " K ! !"
"

(35)

with Np.o.t. denoting the number of protons on target.
The multiplicities nB , nK stand for the number of B , K
mesons created per incoming proton,&&" 1

K ' for the mean
inverse kaon Lorentz factor. In the case of kaons onlyK ±

and K L should be considered sinceK S has a suppressed
decay rate to scalars (see appendix A 3). Di#erent from

mS [GeV]
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Number of muon pairs decaying inside drift chamber:

5

background-free.
The number of observable displaced muon pairs at

Belle II strongly depends on the detector geometry
and on the boost of the dark scalar in B ! KS
decays. For a good reconstruction e! ciency of a
displaced vertex, the scalar should decay at a ra-
dius larger than vertex resolution r min = 500 µm
and within the Central Drift Chamber (CDC), whose
outer radius lies at r max = 162 cm around the beam
pipe. The CDC covers the angular range between
! min = 17! and ! max = 150! [37]. The expected
number of muon pairs produced within this detector
region is

Nµ øµ = NB øB " 2B(B ! KS )B(S ! µøµ) (12)

"
! ! max

! min

d!
sin !

2

"
e

"
r min / sin !
#"# S $c$S # e

"
r max / sin !
#"# S $c$S

#
.

The expected number ofB øB pairs in 50/ ab of data
is NB øB = 5 " 1010. Whether or not the scalar de-
cays within the CDC crucially depends on its decay
length $"# S%c$S. Since the distribution of the scalar
in B ! KS is spherically symmetric, the average
scalar boost is directly related to the averageB me-
son boost$#B % &1.03 via

$"# S%2 & $#B %2 (m2
B # m2

K + m2
S)2

4m2
B m2

S
# 1. (13)

In Fig. 2 we show parameter regions with at least
Nµ øµ = 3 displaced muon pairs from B ! KS (! µøµ)
decays at Belle II. We have summed over all relevant
exclusive decay channels with kaons [20]. The dis-
played region corresponds to a signal signiÞcance of
3%in a background-free search with 100% reconstruc-
tion e! ciency &. 3 The sensitivity extends between
10" 2 > ' > 10" 5, where the upper bound on the
mixing is determined by how many scalars decay at
r > r min and the lower bound by how many scalars
decay at r < r max . For ' < 10" 5 the scalars decay
outside the CDC. Their decay products could still be
detected by the electromagnetic calorimeter around
the CDC, which however is not optimized for vertex
reconstruction. The sensitivity to small mixing an-
gles is higher for heavier scalars, which have a shorter
decay length and are more likely to decay within the
CDC.

Searches for other decay channels can further en-
hance the sensitivity to scalars with small mixing.
In Fig. 2 we show the 3-event regions for the Þnal

3 A reduced e! ciency would decrease the signiÞcance in ! by
roughly

!
".

states ( + ( " and $+ $" , obtained as for the muon
channel. Pions increase the reach at low masses, es-
pecially around mS & 1 GeV. Here the decay width
of the scalar is dominated by the resonancef 0(980),
yielding larger event rates in the outer region of the
CDC. Scalars in the range 2 GeV! mS < 2m$ decay
mostly into Þnal states with multiple hadrons. Since
calculations of the partial decay widths are very chal-
lenging and subject to large uncertainties [11], we do
not show predictions for hadronic channels in this
region. Above the production threshold mS > 2m$,
scalar decays to tau lepton pairs dominate over muons
due to the ßavor-hierarchical coupling. Searches for
$+ $" extend the sensitivity to heavy scalars signiÞ-
cantly. We expect a similar reach forD + D " pairs. If
invisible decays are open, the lifetime of the scalar
is reduced and the branching ratio to visible Þnal
states decreases. The impact on displaced signatures
is mild, unless S ! ) ø) decays dominates the scalar
width.

Compared with BaBar and Belle, the high search
potential at Belle II is mostly due to the larger event
rates. The total expected luminosity at Belle II is 50
times larger, which enhances the sensitivity in' by
about a factor of

'
50.

Compared with searches forB ! KS (! µøµ) at
LHCb, Belle II can probe dark scalars with smaller
mixing and larger lifetimes. The main reason is the
large boost ofB mesons produced at LHCb, so that
only scalars with a nominal decay lengthc$S ! 30 cm
decay inside the vertex detector. With 300/ fb of data
during Run 3, LHCb can extend its reach in ' by
about a factor of four (see Fig. 2) [13]. At Belle II
the B mesons are slow and scalars decay within the
CDC for c$S ! 10 m.

Searches for long-lived scalars in rareB decays at
Belle II are complementary to searches for similar
processes at Þxed-target experiments. In Fig. 2 we
show the predicted sensitivity of future searches for
displaced muons at NA62 [11, 53] and FASER 2 [54,
55]. Remarkably, Belle II has a similar sensitivity
to scalar mixing with a much shorter baseline. Ded-
icated proposed experiments for long-lived particles
like SHiP [56], CODEX-b [57] or MATHUSLA [58]
could extend the reach to scalars with even smaller
mixing.

V. CONCLUSIONS

We have proposed a new search for dark scalars in dis-
placed B ! KS (! f ) decays at Belle II. We predict
a high sensitivity to scalars in the GeV range with
mixing angles in the range of 10" 2 < ' < 10" 5, which
is mostly due to the large data set and the lowB me-
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4

Scalar mixing also causes a universal reduction of
all Higgs couplings to visible particles by c! . This
suppresses the Higgs signal strength deÞned by

µ =
! h ! B(h " vis)
! h ! B(h " vis)SM

= c2
!

c2
! ! h

SM

c2
! ! h

SM + s2
! ! h

" ø"
, (11)

where! h is the Higgs production rate andB(h " vis)
the branching ratio to visible Þnal states. Current
global analyses constrain universal modiÞcations of
the Higgs couplings, but without allowing for invisible
decays. For the HL-LHC, such an analysis has been
performed assuming Run-2 systematics [46]. The ex-
pected reach for dark scalars depends on the invisible
decay rate ! h

" ø" . For y" = 1 we expect that mixing
angles down to" = 0 .008 will be probed. The sensi-
tivity is comparable with the current BaBar bounds
from B " K /E , but less than predicted at Belle II.

IV. DISPLACED VERTEX SIGNATURES

If invisible decays are kinematically forbidden or ab-
sent, dark scalars leave signatures with visible de-
cay products. Due to the ßavor-hierarchical cou-
plings, scalar decays to light leptons or mesons are
suppressed, while scalar production through the top-
quark coupling is sizeable even for small mixing" .
The scalar has a nominal lifetime of roughlyc#S =
c/ ! S # s! 2

! nm and becomes long-lived at detector
scales for" ! 10! 2. This leads to signatures with
displaced vertices, which are perfect targets for ßa-
vor or beam dump experiments.

At e+ e! colliders, light scalars can be abundantly
produced fromB øB pairs at the " (4S) resonance with
subsequentB " KS decays. Direct production via
e+ e! " S is strongly suppressed by the tiny electron
coupling. Alternative searches for radiative Upsilon
decays" (n) " S$ through the b-quark coupling at
BaBar exclude strong mixing " " 0.1 [47Ð49].

Measurements ofB " K (" ) µøµ decays by BaBar,
Belle and LHCb exclude scalar mixing down to
" # 10! 3 [17]. The event selection is typically re-
stricted to prompt decays. LHCb has performed
dedicated searches for displaced muons from long-
lived scalars [50, 51]. By reinterpreting the search
for B + " K + S(" µøµ) [51] we exclude scalar mixing
down to " # 10! 4, shown in blue in Fig. 2. Ve-
toed regions around the resonancesK 0

S, %(2S) and
%(3770) are partially excluded by a similar search for
B 0 " K " S(" µøµ) decays [50].

To date, the only search for long-lived scalars at
e+ e! colliders is an inclusive search for displaced ver-
tices of charged leptons, pions or kaons by BaBar [52].
From this analysis BaBar has derived upper bounds

FIG. 2: Searches for dark scalars with displaced vertices.
Shown are 95% CL bounds from B + ! K + S(! µ øµ)
searches at LHCb [51] (blue) and 90% CL bounds on
B(B ! X sS)B(S ! f ) with f = µ+ µ! (yellow) and
! + ! ! (orange) from an inclusive search by BaBar [52].
Regions of 3" signiÞcance at BELLE II are shown for
B ! KS (! f ) with f = ! + ! ! , µ+ µ! and #+ #! (green).
For comparison, we show projections for B ! Kµ øµ
at LHCb Run-3 (blue curve) and NA62 (red curve), as
well as predictions for future long-baseline experiments
(dashed curves).

on the branching ratio B(B " X sS)B(S " f ) for
di#erent Þnal statesf . In Fig. 2 we show our rein-
terpretation of these bounds for f = µ+ µ! (yellow)
and f = &+ &! (orange). The sensitivity is limited
by hadronic backgrounds from K 0

S, $ , K ± and &±

decays and by the available data set, so that only a
few small parameter regions can be excluded.

The fact that BaBar probes very small mixing
without optimizing their analysis for dark scalars sug-
gests that Belle II can reach a better sensitivity with
a dedicated search. We suggest to search for dis-
placed vertices from exclusiveB " KS (" f ) decays
at Belle II, where K stands for either K 0, K + , or K "

excitations. Promising Þnal states aref = µ+ µ! and
&+ &! , K + K ! for scalar massesmS ! 2 GeV, as well
as #! #+ , D + D ! or 4& for heavier scalars.

Let us Þrst focus on displaced muon pairs, which
probe a large range of scalar masses 2mµ < m S <
mB $ mK . The signal is deÞned by a displaced
muon vertex and a kaon, which together reconstruct
the B momentum. The reconstruction of the full Þ-
nal state strongly suppresses background from dis-
placed hadron decays, making this search largely

Filimonova, Schaefer, Westhoff 2019
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Co-scattering
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small coupling: leaving chemical equilibrium

co-scattering mediator annihilation
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co-scattering mediator annihilation

long-lived mediators

leaving chemical equilibrium:
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co-scattering
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number densities related:

long-lived mediators:

n!

n"
!

!
m!

m"

" 3
2

e! ! m
T
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Characteristics of co-scattering
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Higgs portal

Fermion portal

Leptophilic dark matter

cf. SUSY sbottom, stop

cf. SUSY wino-bino

Garny et al., 1705.09292 & 1802.00814

DÕAgnolo et al. 
1705.08450 
1906.09269

Junius et al. 
1904.07513

 Filimonova, Westhoff, 1812.04628

Bharucha et al., 1804.02357
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<latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="PmHbqE/CWLaLuH+Qr3WysTKYPlc="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit>

t
<latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="dZDgqBcxa4embSsRbWdTgUyeg/A="></latexit><latexit sha1_base64="dZDgqBcxa4embSsRbWdTgUyeg/A="></latexit><latexit sha1_base64="npOFmjGCxCG6dFr32rzs4BR5eQk="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit>

÷t
<latexit sha1_base64="ivkYosauwJY8TMVo2S0I2YPEnB0="></latexit><latexit sha1_base64="ivkYosauwJY8TMVo2S0I2YPEnB0="></latexit><latexit sha1_base64="ivkYosauwJY8TMVo2S0I2YPEnB0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="voeJWmkIifoqbXEo9wmKDzx3tM0="></latexit><latexit sha1_base64="voeJWmkIifoqbXEo9wmKDzx3tM0="></latexit><latexit sha1_base64="CW3659xz2re6rzV1VD3QI04UyJU="></latexit><latexit sha1_base64="ivkYosauwJY8TMVo2S0I2YPEnB0="></latexit><latexit sha1_base64="ivkYosauwJY8TMVo2S0I2YPEnB0="></latexit><latexit sha1_base64="ivkYosauwJY8TMVo2S0I2YPEnB0="></latexit><latexit sha1_base64="ivkYosauwJY8TMVo2S0I2YPEnB0="></latexit><latexit sha1_base64="ivkYosauwJY8TMVo2S0I2YPEnB0="></latexit><latexit sha1_base64="ivkYosauwJY8TMVo2S0I2YPEnB0="></latexit>

!
<latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="PmHbqE/CWLaLuH+Qr3WysTKYPlc="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit>

! !
R

<latexit sha1_base64="vSk4JRWxGeUY2zqslNZ/yFM/YuA="></latexit><latexit sha1_base64="vSk4JRWxGeUY2zqslNZ/yFM/YuA="></latexit><latexit sha1_base64="vSk4JRWxGeUY2zqslNZ/yFM/YuA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="How8/1BAOldz9k6oJr8XuRN+90k="></latexit><latexit sha1_base64="How8/1BAOldz9k6oJr8XuRN+90k="></latexit><latexit sha1_base64="ay+HkIK0kEaqzzDesKnzOLBEZgI="></latexit><latexit sha1_base64="vSk4JRWxGeUY2zqslNZ/yFM/YuA="></latexit><latexit sha1_base64="vSk4JRWxGeUY2zqslNZ/yFM/YuA="></latexit><latexit sha1_base64="vSk4JRWxGeUY2zqslNZ/yFM/YuA="></latexit><latexit sha1_base64="vSk4JRWxGeUY2zqslNZ/yFM/YuA="></latexit><latexit sha1_base64="vSk4JRWxGeUY2zqslNZ/yFM/YuA="></latexit><latexit sha1_base64="vSk4JRWxGeUY2zqslNZ/yFM/YuA="></latexit>

! +
<latexit sha1_base64="jKCU4X1/5loWWvjYDWDaBQ/3nW4="></latexit><latexit sha1_base64="jKCU4X1/5loWWvjYDWDaBQ/3nW4="></latexit><latexit sha1_base64="jKCU4X1/5loWWvjYDWDaBQ/3nW4="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="duQrGq13S9/M/GEO3BGmf6jmCzw="></latexit><latexit sha1_base64="duQrGq13S9/M/GEO3BGmf6jmCzw="></latexit><latexit sha1_base64="2VsIU+jQt4e8PVzB9GIiE4RTeVA="></latexit><latexit sha1_base64="jKCU4X1/5loWWvjYDWDaBQ/3nW4="></latexit><latexit sha1_base64="jKCU4X1/5loWWvjYDWDaBQ/3nW4="></latexit><latexit sha1_base64="jKCU4X1/5loWWvjYDWDaBQ/3nW4="></latexit><latexit sha1_base64="jKCU4X1/5loWWvjYDWDaBQ/3nW4="></latexit><latexit sha1_base64="jKCU4X1/5loWWvjYDWDaBQ/3nW4="></latexit><latexit sha1_base64="jKCU4X1/5loWWvjYDWDaBQ/3nW4="></latexit>

!
<latexit sha1_base64="FMCiv/WghPSPwCxIAU75Ez63i/c="></latexit><latexit sha1_base64="FMCiv/WghPSPwCxIAU75Ez63i/c="></latexit><latexit sha1_base64="FMCiv/WghPSPwCxIAU75Ez63i/c="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="suDZ9TW68Ujf+/MlDWhVXGJimRQ="></latexit><latexit sha1_base64="suDZ9TW68Ujf+/MlDWhVXGJimRQ="></latexit><latexit sha1_base64="rvR/hWvMeBTx6oi27TeoERTolJM="></latexit><latexit sha1_base64="FMCiv/WghPSPwCxIAU75Ez63i/c="></latexit><latexit sha1_base64="FMCiv/WghPSPwCxIAU75Ez63i/c="></latexit><latexit sha1_base64="FMCiv/WghPSPwCxIAU75Ez63i/c="></latexit><latexit sha1_base64="FMCiv/WghPSPwCxIAU75Ez63i/c="></latexit><latexit sha1_base64="FMCiv/WghPSPwCxIAU75Ez63i/c="></latexit><latexit sha1_base64="FMCiv/WghPSPwCxIAU75Ez63i/c="></latexit>

!
<latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="PmHbqE/CWLaLuH+Qr3WysTKYPlc="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit>

! 0
<latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="1NZ0HR71RsjkQkDXv9/+sqSH1Wk="></latexit><latexit sha1_base64="1NZ0HR71RsjkQkDXv9/+sqSH1Wk="></latexit><latexit sha1_base64="xvwMBqY7tYYfU22aj3aeY/0fUZA="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit>

! 0
<latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="1NZ0HR71RsjkQkDXv9/+sqSH1Wk="></latexit><latexit sha1_base64="1NZ0HR71RsjkQkDXv9/+sqSH1Wk="></latexit><latexit sha1_base64="xvwMBqY7tYYfU22aj3aeY/0fUZA="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit>

e+
<latexit sha1_base64="Xh4gWVe80R3+ncL3VAxEbcX7GPo="></latexit><latexit sha1_base64="Xh4gWVe80R3+ncL3VAxEbcX7GPo="></latexit><latexit sha1_base64="Xh4gWVe80R3+ncL3VAxEbcX7GPo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="JFU00/7TpOEqdH2MYgzTWdeJUrU="></latexit><latexit sha1_base64="JFU00/7TpOEqdH2MYgzTWdeJUrU="></latexit><latexit sha1_base64="C0mghfzYyK/5n6Hv8ee14W3OoWw="></latexit><latexit sha1_base64="Xh4gWVe80R3+ncL3VAxEbcX7GPo="></latexit><latexit sha1_base64="Xh4gWVe80R3+ncL3VAxEbcX7GPo="></latexit><latexit sha1_base64="Xh4gWVe80R3+ncL3VAxEbcX7GPo="></latexit><latexit sha1_base64="Xh4gWVe80R3+ncL3VAxEbcX7GPo="></latexit><latexit sha1_base64="Xh4gWVe80R3+ncL3VAxEbcX7GPo="></latexit><latexit sha1_base64="Xh4gWVe80R3+ncL3VAxEbcX7GPo="></latexit>

e!
<latexit sha1_base64="SwJ2bo/7I4lr/jfmph4HbsOkJfE="></latexit><latexit sha1_base64="SwJ2bo/7I4lr/jfmph4HbsOkJfE="></latexit><latexit sha1_base64="SwJ2bo/7I4lr/jfmph4HbsOkJfE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="3E4kSWWnYuVylQJ561rT6mXWOz0="></latexit><latexit sha1_base64="3E4kSWWnYuVylQJ561rT6mXWOz0="></latexit><latexit sha1_base64="yU7J4ww6UZR2XqKrNnkObOtsGIQ="></latexit><latexit sha1_base64="SwJ2bo/7I4lr/jfmph4HbsOkJfE="></latexit><latexit sha1_base64="SwJ2bo/7I4lr/jfmph4HbsOkJfE="></latexit><latexit sha1_base64="SwJ2bo/7I4lr/jfmph4HbsOkJfE="></latexit><latexit sha1_base64="SwJ2bo/7I4lr/jfmph4HbsOkJfE="></latexit><latexit sha1_base64="SwJ2bo/7I4lr/jfmph4HbsOkJfE="></latexit><latexit sha1_base64="SwJ2bo/7I4lr/jfmph4HbsOkJfE="></latexit>

+
<latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="tF6ILK/+ijJdoomIviS1XV1iGrI="></latexit><latexit sha1_base64="tF6ILK/+ijJdoomIviS1XV1iGrI="></latexit><latexit sha1_base64="kCznD3FZzQee+09K3VX3k2w/0JY="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit>

! +
<latexit sha1_base64="Gq7fucLdmqmmkCnvto5dprbb1nE="></latexit><latexit sha1_base64="Gq7fucLdmqmmkCnvto5dprbb1nE="></latexit><latexit sha1_base64="Gq7fucLdmqmmkCnvto5dprbb1nE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="sSDH8FFWR1BiFW0rB9+bE0a4+kA="></latexit><latexit sha1_base64="sSDH8FFWR1BiFW0rB9+bE0a4+kA="></latexit><latexit sha1_base64="0VVeRxF/ZCDFTZ1JWqLG+VEOzXE="></latexit><latexit sha1_base64="Gq7fucLdmqmmkCnvto5dprbb1nE="></latexit><latexit sha1_base64="Gq7fucLdmqmmkCnvto5dprbb1nE="></latexit><latexit sha1_base64="Gq7fucLdmqmmkCnvto5dprbb1nE="></latexit><latexit sha1_base64="Gq7fucLdmqmmkCnvto5dprbb1nE="></latexit><latexit sha1_base64="Gq7fucLdmqmmkCnvto5dprbb1nE="></latexit><latexit sha1_base64="Gq7fucLdmqmmkCnvto5dprbb1nE="></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>

! 0
!

<latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="7ImcJtaLLA6eK1tYjpF+wMqOkQQ="></latexit><latexit sha1_base64="7ImcJtaLLA6eK1tYjpF+wMqOkQQ="></latexit><latexit sha1_base64="d6UVZHVefX+5a9kJL/LT7Y2pjJE="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="7ImcJtaLLA6eK1tYjpF+wMqOkQQ="></latexit><latexit sha1_base64="7ImcJtaLLA6eK1tYjpF+wMqOkQQ="></latexit><latexit sha1_base64="d6UVZHVefX+5a9kJL/LT7Y2pjJE="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit>

h
<latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="E1CBTZBMCARR0q+zdi7ypUjMXuU="></latexit><latexit sha1_base64="E1CBTZBMCARR0q+zdi7ypUjMXuU="></latexit><latexit sha1_base64="OjGEP7w9HV2ceI+tEI6qaKvzALg="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit>

! 0
h

<latexit sha1_base64="bJqZshc9+V6IAB9r/RvOHbi4FhM="></latexit><latexit sha1_base64="bJqZshc9+V6IAB9r/RvOHbi4FhM="></latexit><latexit sha1_base64="bJqZshc9+V6IAB9r/RvOHbi4FhM="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GURGvv6JZvMjKDzy2Dk/M5R7Ki8="></latexit><latexit sha1_base64="GURGvv6JZvMjKDzy2Dk/M5R7Ki8="></latexit><latexit sha1_base64="gzI4e8t+VHSaPzqRIARAbc6J0f4="></latexit><latexit sha1_base64="bJqZshc9+V6IAB9r/RvOHbi4FhM="></latexit><latexit sha1_base64="bJqZshc9+V6IAB9r/RvOHbi4FhM="></latexit><latexit sha1_base64="bJqZshc9+V6IAB9r/RvOHbi4FhM="></latexit><latexit sha1_base64="bJqZshc9+V6IAB9r/RvOHbi4FhM="></latexit><latexit sha1_base64="bJqZshc9+V6IAB9r/RvOHbi4FhM="></latexit><latexit sha1_base64="bJqZshc9+V6IAB9r/RvOHbi4FhM="></latexit>

! 0
!

<latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="7ImcJtaLLA6eK1tYjpF+wMqOkQQ="></latexit><latexit sha1_base64="7ImcJtaLLA6eK1tYjpF+wMqOkQQ="></latexit><latexit sha1_base64="d6UVZHVefX+5a9kJL/LT7Y2pjJE="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="7ImcJtaLLA6eK1tYjpF+wMqOkQQ="></latexit><latexit sha1_base64="7ImcJtaLLA6eK1tYjpF+wMqOkQQ="></latexit><latexit sha1_base64="d6UVZHVefX+5a9kJL/LT7Y2pjJE="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit>

+
<latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="tF6ILK/+ijJdoomIviS1XV1iGrI="></latexit><latexit sha1_base64="tF6ILK/+ijJdoomIviS1XV1iGrI="></latexit><latexit sha1_base64="kCznD3FZzQee+09K3VX3k2w/0JY="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit>

see also: Cheng, Zheng 1805.12139; Kim, Kußik 1906.00981
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! 0
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! +
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! ! v
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! v > 160 MeV
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FIG. 4: Phases of dark matter freeze-out for small Higgs-portal couplings µ/v . The colored areas denote regions of pair
annihilation and co-annihilation, mediator annihilation, and co-scattering, from top to bottom. Displayed processes
dominate the relic abundance upon freeze-out. ÒSMÓ refers to standard-model particlesf, f ! , V .

the scalar scenario [39]. The di! erent Lorentz structure of Higgs and gauge couplings in both scenarios (cf.
Eq. (13)) has only a subleading e! ect on the annihilation rates. In particular, all processes that dominate the
dark matter abundance can proceed in ans-wave in either scenario (cf. Ref. [40]).

For large values ofµ/v , the relic abundance is set mostly by pair annihilation and co-annihilation. Part
of this region is excluded by Xenon1T (shaded in grey). Forµ/v ! 0.02 (0.2) in the scalar (pseudo-scalar)
scenario, the relic abundance is determined by mediator annihilation, mostly by! h ! + ! SM SM. Part of
this region might be probed by future direct detection experiments, but the region below the neutrino ßoor
(indicated by a dashed line) is not accessible with current methods. Atµ/v " 3 # 10! 4 (10! 3), the thermally
averaged co-scattering rate becomes smaller than the (thermally averaged) mediator annihilation rate (see
the dashed line). Mediator decays! + ! ! ! f øf " remain fast, so that co-scattering does not a! ect the relic
abundance yet. At µ/v " 2 # 10! 7 (5 # 10! 6), charged mediator decays drop below the Hubble rate and the
relic abundance is determined by co-scattering.4

Thermal equilibrium is preserved for couplings well below the range considered in this work. The regimes
of mediator annihilation and co-scattering thus provide us with a thermal dark matter candidate that cannot
be tested by direct detection experiments. Therefore colliders play an important role in probing Higgs portal
dark matter with tiny portal couplings.

VI. LONG-LIVED MEDIATORS AT THE LHC

The hypothesis of a Higgs-portal dark matter relic with small couplings is directly testable at colliders. In this
section, we investigate the LHC phenomenology of our model, constraining the parameter space with existing
searches and predicting new observables that test regions that have not been explored yet. At the LHC, the
mediators are pair-produced through Drell-Yan-like processes and subsequently decay into the lightest dark
fermion. Two examples of such processes are shown in Figure 5. The production rate is set by the invariant
mass of the mediator pair and the weak gauge coupling.5 LEP has set a lower bound on the mass of the
charged fermion,mc " 100 GeV. Direct detection results imply that the Higgs-portal coupling must be small,

4 The heavy neutral fermions become long-lived already at larger values of µ/v ! 10" 4 (0.005), due to the smaller decay rate
for ! h (see Section VI). However, since processes involving ! h contribute less than about 10 % to mediator annihilation in
this region, we expect that the relic abundance can still be reliably obtained without including co-scattering in the Boltzmann
equations.

5 For large fermion mixing, the production rate of pp " ! + ! h is suppressed by a factor (g cos" )2 .
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Soft displaced vertices at the LHC
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Signal: soft displaced bottom/tau pairs and missing energy.

LHC: displaces and prompt soft searches
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Soft displaced leptons at the LHC

Signal: one/two soft displaced lepton(s) and missing energy.

Background: seemingly isolated leptons from meson decays.

LHC: displaces and prompt soft searches

j

j

Displaced b-jets

Soft leptons

Disappearing charged tracks

= e, µ, !
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FIG. 7: Sensitivity regions for displaced signatures at the LHC. Shown are the ranges of nominal decay lengths of ! +

(salmon) or ! h (purple) that can be tested by ATLAS and CMS. Green and blue parameter regions have already been
excluded by searches for disappearing charged tracks. The mass di! erence " mc! is varied within the range that is
compatible with the observed dark matter abundance.

In Figure 7, we summarize the various displaced signatures that are predicted from long-lived mediator
decays at the LHC. They are classiÞed according to the nominal decay length of the mediator! + (salmon) or
! h (purple) in both scenarios. Colored areas correspond to regions of experimental sensitivity with the ATLAS
and CMS detectors. Hatched regions could be probed with an extended sensitivity. All other edges are theory
bounds, which were explained above for each individual signature. Disappearing charged track searches have
already excluded the blue and green parameter regions in the scalar and pseudo-scalar scenario, respectively.
It is apparent that our model predicts signatures with di! erent Þnal states in basically all accessible layers
of the LHC detectors. The search for dark matter from a small Higgs portal is thus most e" ciently done by
gathering all these signatures in a combined interpretation.

VII. CONCLUSIONS

In this work, we have investigated singlet-triplet fermion dark matter interacting with the standard model
through a scalar or pseudo-scalar Higgs portal. The nature of the Higgs portal also has implications on the
weak charged currents, which are vector-like in the scalar scenario and axial-vector-like in the pseudo-scalar
scenario. Both scenarios are related through a chiral rotation of the fermion singlet. Besides the di! erent
Lorentz structure of the Higgs and W -boson couplings, the fermion mixing in the pseudo-scalar scenario is
generically smaller than in the scalar scenario. This leads to di! erent lifetimes of the mediators, with observable
consequences for the dark matter and collider phenomenology.

Due to the strong bounds on the portal coupling from direct detection experiments, the thermal relic dark
matter abundance relies on co-annihilation with mediators. In the regime of very small portal couplings,
co-scattering and mediator decays have a crucial impact on the dark matter number density during freeze-
out. For a reliable prediction of the relic abundance, co-scattering and decay processes thus need to be taken
into account when solving the coupled system of Boltzmann equations. Since the phase of co-scattering is a
common prediction in models with small portal couplings, we suggest to include co-scattering and mediator
decays in existing automated tools for relic density calculations.

Thermal dark matter with tiny Higgs couplings and a compressed dark sector implies long-lived mediators.
At the LHC, this leads to a plethora of signatures with both prompt and displaced vertices, as well as disap-
pearing tracks. Due to the small electroweak production rates and the softness of the visible decay products,
searches for prompt signatures are limited in their mass reach. Current searches for prompt soft leptons cannot
probe mediator masses above about 150 GeV. Displaced signatures, in turn, leave clear signatures that can
be distinguished from the background with a handful of events. Disappearing charged track searches already

Transverse impact parameter typically O(mm) - O(cm).
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FIG. 6: LHC signatures of fermion dark matter from a small Higgs portal in the scalar (left) and pseudo-scalar (right)
scenarios. Green regions are excluded by existing searches. Yellow regions show projections for the LHC after run II
and for the HL-LHC. Red regions feature new signatures that have not been explored yet. The dashed region is due to
the unknown detection e! ciency of displaced b-jets.

which produces a displaced soft lepton (Figure 5, right). We thus predict a signature with large missing energy
and two soft leptons, one displaced and one prompt. The leptons can be either of opposite or of same electric
charge, appearing at equal rates. The pion from the decay! h ! " ! ! + is very soft and not detected.

In Fig. 6, we show the parameter space for displaced + prompt soft lepton signals in red. The upper edge
of the area is determined by requiring a minimal nominal decay length ofc#! h ! 200µm. Above this line,
the mass splitting ! mhc is larger and decays become rapid. The lower edge is set by the kinematic threshold
for a two-body decay, mh = mc + m" . Below this threshold, the heavy neutral fermion decays mostly via
! h ! ! #bøb, and no soft leptons are produced.

G. Prompt soft leptons

Mediators with a decay length c#! + < 200 µm leave signatures with prompt soft leptons. Both ! + and ! h
decays can produce prompt soft leptons via! + ! ! # $+ %or ! h ! " ! (! + ! ! # $+ %), respectively. Signatures
with two prompt leptons and missing energy are thus expected frompp ! ! + ! ! and pp ! ! + ! h production.
Which process dominates depends on the! h decay branching ratio into leptons. If ! h is long-lived, pairs
of prompt soft leptons can only be produced viapp ! ! + ! ! with subsequent prompt decays. Searches for
pairs of prompt soft leptons have been performed by ATLAS [47] and CMS [48] in the context of pure wino
production via pp ! ! + ! h . The analyses assume a decay via! + ! h ! ! #W " ! #Z " ! ! #$+ % !#$+ $! to 100 %.
However, in our model ! h ! ! #Z " ! ! #$+ $! is loop- and mixing-suppressed and thus small compared to
! h ! ! #h" ! ! #bøb. In Ref. [15], the CMS analysis [48] has been recasted under the assumption of pure
! + ! ! production for a triplet dark matter model, which corresponds to our scalar scenario. We reinterpret
their results and derive a lower bound ofmc ! 130 GeV for 5" 10! 5 < µ/v < 0.02 in the scalar scenario and
7 " 10! 4 < µ/v < 0.07 in the pseudo-scalar scenario. The excluded parameter region is shown in Figure 6 as
a green band.

In case of a normal mass hierarchy,! h decays are prompt forµ/v ! 0.02 (0.07) in the scalar (pseudo-scalar)
scenario. Soft di-leptons are now produced from bothpp ! ! + ! ! and pp ! ! + ! h . Adding the contribution
from the latter process enhances our signal rate. However, ourpp ! ! + ! h contribution favors a di" erent
kinematic regime and produces only two charged leptons in the Þnal state, compared to three leptons in
the experimental analyses. We therefore do not expect a signiÞcantly stronger bound thanmc ! 130 GeV
when including ! + ! h contributions. The sensitivity could be enhanced by optimizing the signal region for
signatures with exactly two soft leptons in the Þnal state. All in all, however, searches for prompt soft leptons
are very limited in their mass reach, due to the small production rates and large backgrounds. Searches for
displaced + prompt leptons or displacedb-jet pairs are expected to be sensitive to much higher mediator masses.

! 0
h ! ! 0

! bøb

! + ! ! 0
! "+ #!

! + ! ! 0
h " +

Filimonova, Westhoff 2018
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How about displaced tops?
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Take home

long-lived dark scalars

displaced soft bottoms or taus 
from mediator decays

ßavor-hierarchical couplings (unlike dark vectors)

b,!
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At Belle (II), NA62, FASER É :

displaced taus in meson decays

At the LHC:

long-lived dark fermions with weak interactions

small couplings and compressed spectrum from co-scattering
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FIG. 4. Hadronic and leptonic decay rates of a light scalar mixing with the Higgs. The decay rates scale with s2
! which was set

to unity in this plot.

cently in [22, 24, 44Ð47]. These crucially depend on the
decay properties of the scalar. In many instances, con-
straints with di ! erent assumptions on the hadronic decay
rate have been combined. We will, therefore, reevaluate
the existing limits on light scalars consistently using our
new set of decay rates. Sensitivities of some important
future searches will also be discussed. Our focus is on
the mass windowm! ! 0.01 " 10 GeV accessible to ac-
celerator probes.

A. Rare Decays

Light scalars can mediate rare meson decays. The most
relevant processes include radiative" -decays as well as
ßavor changing B and K meson decays (see Þgure 5).
The calculation of the corresponding branching ratios is
summarized in appendix A.

!

b
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FIG. 5. Radiative ! decays and ßavor changing B decays
mediated by a light scalar.

BaBar has performed various searches for radiative"
decays mediated by a light scalar. The most important
channel is " # ! + jets triggered by a hadronically de-

caying " [48].
Below the B threshold, searches for semi-leptonicB

decays become relevant. LHCb measured the branching
ratio B + # K + + øµµ in several bins of dilepton invari-
ant mass [49]. The corresponding upper limit on the
" -induced branching ratio in each bin is determined as
in [14]. It must be taken into account that LHCb trig-
gered on prompt decays in this search. Following [14], we
estimate that events with a (boosted) scalar decay length
d < d max ! 5 mm are reconstructed. This translates to
an e# ciency factor

# =

!!

0

dp! f (p! )
"

1 " e" m ! ! ! dmax /p !

#
, (34)

where f (p! ) denotes the momentum distribution of "
which is obtained with PYTHIA [50]. 10 LHCb has sub-
sequently performed dedicated searches for light scalars
with macroscopic decay lengths. In [51, 52] constraints
on BrB 0 # K ! 0 ! $ Br ! # øµµ and BrB + # K + ! $ Br ! # øµµ have
been set as a function of the intermediate scalar mass and
lifetime. We digitized the provided images and derived
the corresponding constraints ons" .11 As can be seen
in Þgure 6, the inclusion of displaced decays has signiÞ-
cantly increased the LHCb sensitivity to light scalars in
most of the mass range. A search for long-lived particles

10 We generated a large sample of B mesons with PYTHIA and
decayed each B further to ! using the appropriate kinematics.

11 The case of a light scalar mixing with the Higgs has been covered
explicitly in the two references. We, nevertheless, rederive the
constraints on s! since a di! erent set of scalar decay rates has
been employed in [51, 52].

Winkler 2018

Predictions for 1 GeV < mS < 2 GeV subject to large uncertainties.
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Projected sensitivity
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Belle II

Belle II

NA62

3

and semi-leptonic B tags. However, the derived
bounds on the branching ratio B(B ! K ! ø! ) rely
on the three-body kinematics of the standard-model
process, so that we cannot reinterpret them for the
two-body decays B ! KS (! " ø" ). 2 BaBar pro-
vides model-independent bounds on theB ! K /E
distribution in bins of the momentum transfer q2 =
(pB " pK )2 [33]. Since the momentum distribution in
B ! K " ø" peaks sharply around the scalar resonance
q2 = m2

S, we combine the three bins with the largest
predicted rates and add uncertainties in quadrature.
The resulting bounds on the parameter space{ mS, #}
are shown in Fig. 1, excluding mixing angles larger
than # # 0.006 at the 95% CL.

At Belle II, we expect a higher sensitivity to dark
scalars due to the much larger data set. A dedicated
simulation of B ! K ! ø! predicts that with 50/ab of
data Belle II can measure the branching ratio with
about 10% precision [37]. Since the dependence of
this prediction on three-body kinematics has been re-
duced by choosing di! erent selection variables, we can
use it to estimate the reach for dark scalars. In Fig. 1
we show that Belle II can probe scalars with mixing
angles down to# # 10! 3 and massesmS > m B " mK
beyond the resonance region. To optimize the sen-
sitivity for light resonances in B ! K /E and dis-
tinguish them from the standard-model background
B ! K ! ø! , we suggest to perform a dedicated search
for two-body contributions of B ! KS (! " ø" ) in
B ! K /E decays.

Light scalars can also be probed in searches for
K ! $! ø! at Þxed-target experiments. The currently
strongest bound onB(K + ! $+ /E ) by E949 [38] ex-
cludes the blue region in Fig. 1 at 95% CL. NA62 has
the potential to improve the sensitivity by more than
a factor of two [39, 40].

In addition to B ! K " ø" and K ! $" ø" , dark
sectors can induce fully invisible meson decays [24,
30]. In our model the branching ratio is (q = s, d)

B(Bq ! " ø" ) =
f 2

B q
m5

B q

32$ " B q

$
2GF |Cbq|2 y2

! c2
"

(m2
B q

" m2
S)2 + m2

S" 2
S

(9)

%
(mb " mq)2

(mb + mq)2

!
1 "

4m2
!

m2
B q

" 3
2

,

where " B q and f B q are the total decay rate and the
hadronic decay constant of the Bq meson and we
have neglectedm! in the last relation. Belle [41]
and BaBar [43] have searched for invisibleBd decays.

2 A similar observation has been made by [36] in search of
stable axions in B ! K /E .
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FIG. 1: Searches for invisibly decaying dark scalars.
Shaded regions are excluded by searches forB ! K /E [33]
(yellow) at BaBar and Bd ! /E [41] (green) at Belle,
K ! ! /E [38] (blue) at E949, and invisible Higgs decays
h ! inv (grey) at the LHC [42]. Dashed lines show pro-
jections for rare meson decays at Belle II (yellow, green,
red) and NA62 (blue), and for h ! inv (light grey) and
the Higgs signal strength µ (dark grey) at the HL-LHC.
The mass and coupling of dark fermions are set tom! = 0
and y! = 1.

The currently strongest upper bound B(Bd ! /E ) <
1.4 %10! 5 [41] excludes dark scalars around theBd
meson mass, as shown in Fig. 1. Unlike resonant
B ! K " ø" decays, the sensitivity of Bd ! " ø" de-
pends on the coupling and mass of the dark fermions,
see Eq. (9). Using projections for Belle II [37], we
show that searches forBd ! /E and Bs ! /E can ex-
tend the reach for invisibly decaying scalars by about
an order of magnitude.

Independent bounds on dark scalars can Þnally be
derived from Higgs observables at the LHC [44, 45].
Scalar mixing induces invisible Higgs decaysh ! " ø"
with a branching ratio

B(h ! inv) =
s2

" " h
! ø!

c2
" " h

SM + s2
" " h

! ø!
, (10)

where " h
SM is the total Higgs width in the standard

model and " h
! ø! is the partial decay width to dark

fermions, deÞned as in Eq. (4) with mS ! mh .
The current upper bound on invisible Higgs decays,
B(h ! inv) < 0.22 [42] excludes mixing angles larger
than # = 0 .015 at 95% CL. Projections for the HL-
LHC predict an extended reach to# = 0 .005.
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Excluded at 95% CL:
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