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Pure electroweak singlet, doublet, 
triplet. 

Dark matter candidate only at Higgs 
threshold or too heavy for colliders.
[Beniwal et al.,1512.06458] [Cirelli et al., 1507.05519]
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Pure electroweak singlet, doublet, 
triplet. 

Dark matter candidate only at Higgs 
threshold or too heavy for colliders.
[Beniwal et al.,1512.06458] [Cirelli et al., 1507.05519]

[Dedes, Karamitros, 1403.7744]

Minimal renormalizable extensions: 
singlet-singlet, singlet-doublet, 
doublet-triplet. 

Tiny portal coupling: naturalness?
[ Freitas, Westhoff, Zupan,1506.04149]

[Lee et al., 0803.2932] [Mahbubani, Senatore, hep-ph/0510064]
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Singlet-triplet model for dark matter

!3

with

2 majorana fields:            singlet       and triplet
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Singlet-triplet model for dark matter
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Singlet-triplet model for dark matter

• Three new parameters: 

• Freedom in the field definitions: can choose
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• Freedom in the field definitions: can choose

Tree-level structure + electroweak corrections:
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Singlet-triplet model for dark matter
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• Freedom in the field definitions: can choose

Small     :Tree-level structure + electroweak corrections:
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Singlet-triplet model for dark matter

• Three new parameters: 

• Freedom in the field definitions: can choose

Small     :Tree-level structure + electroweak corrections:

Naturally small

Dark matter candidate !3
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Couplings of dark fermions

See also [hep-ph/0702148] !4

Gauge and Higgs couplings
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<latexit sha1_base64="FqZ4D6M/d4mK4M4GD7+6ZkisRe0=">AAACAnicbZC7SgNBFIZnvcZ4W7USm8EgWIVdEbQM2lhGMBfIxnB2MpsMmdldZs4KYQk2voqNhSK2PoWdb+PkUmjiDwMf/zmHM+cPUykMet63s7S8srq2Xtgobm5t7+y6e/t1k2Sa8RpLZKKbIRguRcxrKFDyZqo5qFDyRji4HtcbD1wbkcR3OEx5W0EvFpFggNbquIc9GrDE0AD7HCGgQQ+UgvtAZR235JW9iegi+DMokZmqHfcr6CYsUzxGJsGYlu+l2M5Bo2CSj4pBZngKbAA93rIYg+KmnU9OGNET63RplGj7YqQT9/dEDsqYoQptpwLsm/na2Pyv1sowumznIk4z5DGbLooySTGh4zxoV2jOUA4tANPC/pWyPmhgaFMr2hD8+ZMXoX5W9i3fnpcqV7M4CuSIHJNT4pMLUiE3pEpqhJFH8kxeyZvz5Lw4787HtHXJmc0ckD9yPn8Aek+W1g==</latexit><latexit sha1_base64="FqZ4D6M/d4mK4M4GD7+6ZkisRe0=">AAACAnicbZC7SgNBFIZnvcZ4W7USm8EgWIVdEbQM2lhGMBfIxnB2MpsMmdldZs4KYQk2voqNhSK2PoWdb+PkUmjiDwMf/zmHM+cPUykMet63s7S8srq2Xtgobm5t7+y6e/t1k2Sa8RpLZKKbIRguRcxrKFDyZqo5qFDyRji4HtcbD1wbkcR3OEx5W0EvFpFggNbquIc9GrDE0AD7HCGgQQ+UgvtAZR235JW9iegi+DMokZmqHfcr6CYsUzxGJsGYlu+l2M5Bo2CSj4pBZngKbAA93rIYg+KmnU9OGNET63RplGj7YqQT9/dEDsqYoQptpwLsm/na2Pyv1sowumznIk4z5DGbLooySTGh4zxoV2jOUA4tANPC/pWyPmhgaFMr2hD8+ZMXoX5W9i3fnpcqV7M4CuSIHJNT4pMLUiE3pEpqhJFH8kxeyZvz5Lw4787HtHXJmc0ckD9yPn8Aek+W1g==</latexit><latexit sha1_base64="FqZ4D6M/d4mK4M4GD7+6ZkisRe0=">AAACAnicbZC7SgNBFIZnvcZ4W7USm8EgWIVdEbQM2lhGMBfIxnB2MpsMmdldZs4KYQk2voqNhSK2PoWdb+PkUmjiDwMf/zmHM+cPUykMet63s7S8srq2Xtgobm5t7+y6e/t1k2Sa8RpLZKKbIRguRcxrKFDyZqo5qFDyRji4HtcbD1wbkcR3OEx5W0EvFpFggNbquIc9GrDE0AD7HCGgQQ+UgvtAZR235JW9iegi+DMokZmqHfcr6CYsUzxGJsGYlu+l2M5Bo2CSj4pBZngKbAA93rIYg+KmnU9OGNET63RplGj7YqQT9/dEDsqYoQptpwLsm/na2Pyv1sowumznIk4z5DGbLooySTGh4zxoV2jOUA4tANPC/pWyPmhgaFMr2hD8+ZMXoX5W9i3fnpcqV7M4CuSIHJNT4pMLUiE3pEpqhJFH8kxeyZvz5Lw4787HtHXJmc0ckD9yPn8Aek+W1g==</latexit><latexit sha1_base64="FqZ4D6M/d4mK4M4GD7+6ZkisRe0=">AAACAnicbZC7SgNBFIZnvcZ4W7USm8EgWIVdEbQM2lhGMBfIxnB2MpsMmdldZs4KYQk2voqNhSK2PoWdb+PkUmjiDwMf/zmHM+cPUykMet63s7S8srq2Xtgobm5t7+y6e/t1k2Sa8RpLZKKbIRguRcxrKFDyZqo5qFDyRji4HtcbD1wbkcR3OEx5W0EvFpFggNbquIc9GrDE0AD7HCGgQQ+UgvtAZR235JW9iegi+DMokZmqHfcr6CYsUzxGJsGYlu+l2M5Bo2CSj4pBZngKbAA93rIYg+KmnU9OGNET63RplGj7YqQT9/dEDsqYoQptpwLsm/na2Pyv1sowumznIk4z5DGbLooySTGh4zxoV2jOUA4tANPC/pWyPmhgaFMr2hD8+ZMXoX5W9i3fnpcqV7M4CuSIHJNT4pMLUiE3pEpqhJFH8kxeyZvz5Lw4787HtHXJmc0ckD9yPn8Aek+W1g==</latexit> i

µ

v
cos 2✓ �5

<latexit sha1_base64="/v9h1Sg+DNUe9p5H+kUrzBtfnVI="></latexit>

H
<latexit sha1_base64="baNP6mF3uQkKAwcdJWOUffaRltI=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GiaJYHILeskxAbNAMoSeTk3Spmehu0cIQ77AiwdFvPpJ3vwbO4vg+qDg8V4VVfW8WHClHefdyqytb2xuZbdzO7t7+wf5w6O2ihLJsMUiEcmuRxUKHmJLcy2wG0ukgSew402u537nDqXiUXijpzG6AR2F3OeMaiM164N8wbGdasUpV8lvUrSdBQqwQmOQf+sPI5YEGGomqFK9ohNrN6VScyZwlusnCmPKJnSEPUNDGqBy08WhM3JmlCHxI2kq1GShfp1IaaDUNPBMZ0D1WP305uJfXi/RfsVNeRgnGkO2XOQnguiIzL8mQy6RaTE1hDLJza2EjamkTJtsciaEz0/J/6Rdsotlu9S8KNSuVnFk4QRO4RyKcAk1qEMDWsAA4R4e4cm6tR6sZ+tl2ZqxVjPH8A3W6wcco40n</latexit>



Couplings of dark fermions

Pseudo-scalar case:
Couplings

Scalar case:
Couplings

Two physical scenarios, depending on parameters of the theory: 

See also [hep-ph/0702148] !4

Gauge and Higgs couplings

i g sin ✓ �µ�5
<latexit sha1_base64="zZdVwVJrJeNf8iCzXCQO5xiKRnU="></latexit><latexit sha1_base64="zZdVwVJrJeNf8iCzXCQO5xiKRnU="></latexit><latexit sha1_base64="zZdVwVJrJeNf8iCzXCQO5xiKRnU="></latexit><latexit sha1_base64="zZdVwVJrJeNf8iCzXCQO5xiKRnU="></latexit>

g cos ✓ �µ
<latexit sha1_base64="FqZ4D6M/d4mK4M4GD7+6ZkisRe0=">AAACAnicbZC7SgNBFIZnvcZ4W7USm8EgWIVdEbQM2lhGMBfIxnB2MpsMmdldZs4KYQk2voqNhSK2PoWdb+PkUmjiDwMf/zmHM+cPUykMet63s7S8srq2Xtgobm5t7+y6e/t1k2Sa8RpLZKKbIRguRcxrKFDyZqo5qFDyRji4HtcbD1wbkcR3OEx5W0EvFpFggNbquIc9GrDE0AD7HCGgQQ+UgvtAZR235JW9iegi+DMokZmqHfcr6CYsUzxGJsGYlu+l2M5Bo2CSj4pBZngKbAA93rIYg+KmnU9OGNET63RplGj7YqQT9/dEDsqYoQptpwLsm/na2Pyv1sowumznIk4z5DGbLooySTGh4zxoV2jOUA4tANPC/pWyPmhgaFMr2hD8+ZMXoX5W9i3fnpcqV7M4CuSIHJNT4pMLUiE3pEpqhJFH8kxeyZvz5Lw4787HtHXJmc0ckD9yPn8Aek+W1g==</latexit><latexit sha1_base64="FqZ4D6M/d4mK4M4GD7+6ZkisRe0=">AAACAnicbZC7SgNBFIZnvcZ4W7USm8EgWIVdEbQM2lhGMBfIxnB2MpsMmdldZs4KYQk2voqNhSK2PoWdb+PkUmjiDwMf/zmHM+cPUykMet63s7S8srq2Xtgobm5t7+y6e/t1k2Sa8RpLZKKbIRguRcxrKFDyZqo5qFDyRji4HtcbD1wbkcR3OEx5W0EvFpFggNbquIc9GrDE0AD7HCGgQQ+UgvtAZR235JW9iegi+DMokZmqHfcr6CYsUzxGJsGYlu+l2M5Bo2CSj4pBZngKbAA93rIYg+KmnU9OGNET63RplGj7YqQT9/dEDsqYoQptpwLsm/na2Pyv1sowumznIk4z5DGbLooySTGh4zxoV2jOUA4tANPC/pWyPmhgaFMr2hD8+ZMXoX5W9i3fnpcqV7M4CuSIHJNT4pMLUiE3pEpqhJFH8kxeyZvz5Lw4787HtHXJmc0ckD9yPn8Aek+W1g==</latexit><latexit sha1_base64="FqZ4D6M/d4mK4M4GD7+6ZkisRe0=">AAACAnicbZC7SgNBFIZnvcZ4W7USm8EgWIVdEbQM2lhGMBfIxnB2MpsMmdldZs4KYQk2voqNhSK2PoWdb+PkUmjiDwMf/zmHM+cPUykMet63s7S8srq2Xtgobm5t7+y6e/t1k2Sa8RpLZKKbIRguRcxrKFDyZqo5qFDyRji4HtcbD1wbkcR3OEx5W0EvFpFggNbquIc9GrDE0AD7HCGgQQ+UgvtAZR235JW9iegi+DMokZmqHfcr6CYsUzxGJsGYlu+l2M5Bo2CSj4pBZngKbAA93rIYg+KmnU9OGNET63RplGj7YqQT9/dEDsqYoQptpwLsm/na2Pyv1sowumznIk4z5DGbLooySTGh4zxoV2jOUA4tANPC/pWyPmhgaFMr2hD8+ZMXoX5W9i3fnpcqV7M4CuSIHJNT4pMLUiE3pEpqhJFH8kxeyZvz5Lw4787HtHXJmc0ckD9yPn8Aek+W1g==</latexit><latexit sha1_base64="FqZ4D6M/d4mK4M4GD7+6ZkisRe0=">AAACAnicbZC7SgNBFIZnvcZ4W7USm8EgWIVdEbQM2lhGMBfIxnB2MpsMmdldZs4KYQk2voqNhSK2PoWdb+PkUmjiDwMf/zmHM+cPUykMet63s7S8srq2Xtgobm5t7+y6e/t1k2Sa8RpLZKKbIRguRcxrKFDyZqo5qFDyRji4HtcbD1wbkcR3OEx5W0EvFpFggNbquIc9GrDE0AD7HCGgQQ+UgvtAZR235JW9iegi+DMokZmqHfcr6CYsUzxGJsGYlu+l2M5Bo2CSj4pBZngKbAA93rIYg+KmnU9OGNET63RplGj7YqQT9/dEDsqYoQptpwLsm/na2Pyv1sowumznIk4z5DGbLooySTGh4zxoV2jOUA4tANPC/pWyPmhgaFMr2hD8+ZMXoX5W9i3fnpcqV7M4CuSIHJNT4pMLUiE3pEpqhJFH8kxeyZvz5Lw4787HtHXJmc0ckD9yPn8Aek+W1g==</latexit> i

µ

v
cos 2✓ �5

<latexit sha1_base64="/v9h1Sg+DNUe9p5H+kUrzBtfnVI="></latexit>

H
<latexit sha1_base64="baNP6mF3uQkKAwcdJWOUffaRltI=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GiaJYHILeskxAbNAMoSeTk3Spmehu0cIQ77AiwdFvPpJ3vwbO4vg+qDg8V4VVfW8WHClHefdyqytb2xuZbdzO7t7+wf5w6O2ihLJsMUiEcmuRxUKHmJLcy2wG0ukgSew402u537nDqXiUXijpzG6AR2F3OeMaiM164N8wbGdasUpV8lvUrSdBQqwQmOQf+sPI5YEGGomqFK9ohNrN6VScyZwlusnCmPKJnSEPUNDGqBy08WhM3JmlCHxI2kq1GShfp1IaaDUNPBMZ0D1WP305uJfXi/RfsVNeRgnGkO2XOQnguiIzL8mQy6RaTE1hDLJza2EjamkTJtsciaEz0/J/6Rdsotlu9S8KNSuVnFk4QRO4RyKcAk1qEMDWsAA4R4e4cm6tR6sZ+tl2ZqxVjPH8A3W6wcco40n</latexit>



Direct detection
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Direct detection
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Direct detection

�h
<latexit sha1_base64="2XrxKcULwIOY0fQ9xh1Y9LXNprk=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZNNOJzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4JFnMCLbOavdJwgbJoFrz6/5caBWCAmpQqDmofvWHimSCSks4NqYX+KkNc6wtI5xOK/3M0BSTMR7RnkOJBTVhPt92is6cM0Sx0u5Ji+bu74kcC2MmInKdAtvELNdm5n+1Xmbj6zBnMs0slWTxUZxxZBWanY6GTFNi+cQBJpq5XRFJsMbEuoAqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUEHuEZXuHNU96L9+59LFpLXjFzDH/kff4AeryPDQ==</latexit><latexit sha1_base64="2XrxKcULwIOY0fQ9xh1Y9LXNprk=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZNNOJzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4JFnMCLbOavdJwgbJoFrz6/5caBWCAmpQqDmofvWHimSCSks4NqYX+KkNc6wtI5xOK/3M0BSTMR7RnkOJBTVhPt92is6cM0Sx0u5Ji+bu74kcC2MmInKdAtvELNdm5n+1Xmbj6zBnMs0slWTxUZxxZBWanY6GTFNi+cQBJpq5XRFJsMbEuoAqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUEHuEZXuHNU96L9+59LFpLXjFzDH/kff4AeryPDQ==</latexit><latexit sha1_base64="2XrxKcULwIOY0fQ9xh1Y9LXNprk=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZNNOJzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4JFnMCLbOavdJwgbJoFrz6/5caBWCAmpQqDmofvWHimSCSks4NqYX+KkNc6wtI5xOK/3M0BSTMR7RnkOJBTVhPt92is6cM0Sx0u5Ji+bu74kcC2MmInKdAtvELNdm5n+1Xmbj6zBnMs0slWTxUZxxZBWanY6GTFNi+cQBJpq5XRFJsMbEuoAqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUEHuEZXuHNU96L9+59LFpLXjFzDH/kff4AeryPDQ==</latexit><latexit sha1_base64="2XrxKcULwIOY0fQ9xh1Y9LXNprk=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZNNOJzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4JFnMCLbOavdJwgbJoFrz6/5caBWCAmpQqDmofvWHimSCSks4NqYX+KkNc6wtI5xOK/3M0BSTMR7RnkOJBTVhPt92is6cM0Sx0u5Ji+bu74kcC2MmInKdAtvELNdm5n+1Xmbj6zBnMs0slWTxUZxxZBWanY6GTFNi+cQBJpq5XRFJsMbEuoAqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUEHuEZXuHNU96L9+59LFpLXjFzDH/kff4AeryPDQ==</latexit>

�+
<latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit>

(�mhc)
mix ' µ sin(2✓)/2

<latexit sha1_base64="54o4XUHLWDdB0MJuFMQ1d+Dn71c="></latexit>
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Direct detection [1805.12562]

�h
<latexit sha1_base64="2XrxKcULwIOY0fQ9xh1Y9LXNprk=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZNNOJzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4JFnMCLbOavdJwgbJoFrz6/5caBWCAmpQqDmofvWHimSCSks4NqYX+KkNc6wtI5xOK/3M0BSTMR7RnkOJBTVhPt92is6cM0Sx0u5Ji+bu74kcC2MmInKdAtvELNdm5n+1Xmbj6zBnMs0slWTxUZxxZBWanY6GTFNi+cQBJpq5XRFJsMbEuoAqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUEHuEZXuHNU96L9+59LFpLXjFzDH/kff4AeryPDQ==</latexit><latexit sha1_base64="2XrxKcULwIOY0fQ9xh1Y9LXNprk=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZNNOJzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4JFnMCLbOavdJwgbJoFrz6/5caBWCAmpQqDmofvWHimSCSks4NqYX+KkNc6wtI5xOK/3M0BSTMR7RnkOJBTVhPt92is6cM0Sx0u5Ji+bu74kcC2MmInKdAtvELNdm5n+1Xmbj6zBnMs0slWTxUZxxZBWanY6GTFNi+cQBJpq5XRFJsMbEuoAqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUEHuEZXuHNU96L9+59LFpLXjFzDH/kff4AeryPDQ==</latexit><latexit sha1_base64="2XrxKcULwIOY0fQ9xh1Y9LXNprk=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZNNOJzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4JFnMCLbOavdJwgbJoFrz6/5caBWCAmpQqDmofvWHimSCSks4NqYX+KkNc6wtI5xOK/3M0BSTMR7RnkOJBTVhPt92is6cM0Sx0u5Ji+bu74kcC2MmInKdAtvELNdm5n+1Xmbj6zBnMs0slWTxUZxxZBWanY6GTFNi+cQBJpq5XRFJsMbEuoAqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUEHuEZXuHNU96L9+59LFpLXjFzDH/kff4AeryPDQ==</latexit><latexit sha1_base64="2XrxKcULwIOY0fQ9xh1Y9LXNprk=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZNNOJzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4JFnMCLbOavdJwgbJoFrz6/5caBWCAmpQqDmofvWHimSCSks4NqYX+KkNc6wtI5xOK/3M0BSTMR7RnkOJBTVhPt92is6cM0Sx0u5Ji+bu74kcC2MmInKdAtvELNdm5n+1Xmbj6zBnMs0slWTxUZxxZBWanY6GTFNi+cQBJpq5XRFJsMbEuoAqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUEHuEZXuHNU96L9+59LFpLXjFzDH/kff4AeryPDQ==</latexit>

�+
<latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit>

(�mhc)
mix ' µ sin(2✓)/2

<latexit sha1_base64="54o4XUHLWDdB0MJuFMQ1d+Dn71c="></latexit>

!5



Direct detection [1805.12562]

LEP

Direct detection bounds

�h
<latexit sha1_base64="2XrxKcULwIOY0fQ9xh1Y9LXNprk=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZNNOJzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4JFnMCLbOavdJwgbJoFrz6/5caBWCAmpQqDmofvWHimSCSks4NqYX+KkNc6wtI5xOK/3M0BSTMR7RnkOJBTVhPt92is6cM0Sx0u5Ji+bu74kcC2MmInKdAtvELNdm5n+1Xmbj6zBnMs0slWTxUZxxZBWanY6GTFNi+cQBJpq5XRFJsMbEuoAqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUEHuEZXuHNU96L9+59LFpLXjFzDH/kff4AeryPDQ==</latexit><latexit sha1_base64="2XrxKcULwIOY0fQ9xh1Y9LXNprk=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZNNOJzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4JFnMCLbOavdJwgbJoFrz6/5caBWCAmpQqDmofvWHimSCSks4NqYX+KkNc6wtI5xOK/3M0BSTMR7RnkOJBTVhPt92is6cM0Sx0u5Ji+bu74kcC2MmInKdAtvELNdm5n+1Xmbj6zBnMs0slWTxUZxxZBWanY6GTFNi+cQBJpq5XRFJsMbEuoAqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUEHuEZXuHNU96L9+59LFpLXjFzDH/kff4AeryPDQ==</latexit><latexit sha1_base64="2XrxKcULwIOY0fQ9xh1Y9LXNprk=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZNNOJzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4JFnMCLbOavdJwgbJoFrz6/5caBWCAmpQqDmofvWHimSCSks4NqYX+KkNc6wtI5xOK/3M0BSTMR7RnkOJBTVhPt92is6cM0Sx0u5Ji+bu74kcC2MmInKdAtvELNdm5n+1Xmbj6zBnMs0slWTxUZxxZBWanY6GTFNi+cQBJpq5XRFJsMbEuoAqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUEHuEZXuHNU96L9+59LFpLXjFzDH/kff4AeryPDQ==</latexit><latexit sha1_base64="2XrxKcULwIOY0fQ9xh1Y9LXNprk=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZNNOJzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4JFnMCLbOavdJwgbJoFrz6/5caBWCAmpQqDmofvWHimSCSks4NqYX+KkNc6wtI5xOK/3M0BSTMR7RnkOJBTVhPt92is6cM0Sx0u5Ji+bu74kcC2MmInKdAtvELNdm5n+1Xmbj6zBnMs0slWTxUZxxZBWanY6GTFNi+cQBJpq5XRFJsMbEuoAqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUEHuEZXuHNU96L9+59LFpLXjFzDH/kff4AeryPDQ==</latexit>

�+
<latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit>

(�mhc)
mix ' µ sin(2✓)/2

<latexit sha1_base64="54o4XUHLWDdB0MJuFMQ1d+Dn71c="></latexit>
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Direct detection [1805.12562]

LEP

Direct detection bounds

�h
<latexit sha1_base64="2XrxKcULwIOY0fQ9xh1Y9LXNprk=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZNNOJzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4JFnMCLbOavdJwgbJoFrz6/5caBWCAmpQqDmofvWHimSCSks4NqYX+KkNc6wtI5xOK/3M0BSTMR7RnkOJBTVhPt92is6cM0Sx0u5Ji+bu74kcC2MmInKdAtvELNdm5n+1Xmbj6zBnMs0slWTxUZxxZBWanY6GTFNi+cQBJpq5XRFJsMbEuoAqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUEHuEZXuHNU96L9+59LFpLXjFzDH/kff4AeryPDQ==</latexit><latexit sha1_base64="2XrxKcULwIOY0fQ9xh1Y9LXNprk=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZNNOJzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4JFnMCLbOavdJwgbJoFrz6/5caBWCAmpQqDmofvWHimSCSks4NqYX+KkNc6wtI5xOK/3M0BSTMR7RnkOJBTVhPt92is6cM0Sx0u5Ji+bu74kcC2MmInKdAtvELNdm5n+1Xmbj6zBnMs0slWTxUZxxZBWanY6GTFNi+cQBJpq5XRFJsMbEuoAqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUEHuEZXuHNU96L9+59LFpLXjFzDH/kff4AeryPDQ==</latexit><latexit sha1_base64="2XrxKcULwIOY0fQ9xh1Y9LXNprk=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZNNOJzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4JFnMCLbOavdJwgbJoFrz6/5caBWCAmpQqDmofvWHimSCSks4NqYX+KkNc6wtI5xOK/3M0BSTMR7RnkOJBTVhPt92is6cM0Sx0u5Ji+bu74kcC2MmInKdAtvELNdm5n+1Xmbj6zBnMs0slWTxUZxxZBWanY6GTFNi+cQBJpq5XRFJsMbEuoAqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUEHuEZXuHNU96L9+59LFpLXjFzDH/kff4AeryPDQ==</latexit><latexit sha1_base64="2XrxKcULwIOY0fQ9xh1Y9LXNprk=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZNNOJzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4JFnMCLbOavdJwgbJoFrz6/5caBWCAmpQqDmofvWHimSCSks4NqYX+KkNc6wtI5xOK/3M0BSTMR7RnkOJBTVhPt92is6cM0Sx0u5Ji+bu74kcC2MmInKdAtvELNdm5n+1Xmbj6zBnMs0slWTxUZxxZBWanY6GTFNi+cQBJpq5XRFJsMbEuoAqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUEHuEZXuHNU96L9+59LFpLXjFzDH/kff4AeryPDQ==</latexit>

�+
<latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit>

(�mhc)
mix ' µ sin(2✓)/2

<latexit sha1_base64="54o4XUHLWDdB0MJuFMQ1d+Dn71c="></latexit>

Small portal couplings needed
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Surviving regions: scalar case

ann.
co-ann.

Lines: [Planck coll., 1502.01589]

Annihilation Co-annihilation

+(g sin ✓)4
<latexit sha1_base64="alHO7limmDhcJvO0OIhZ7hGnS4Y=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5JoQY9FLx4r2A9oYtlsN+3SzSbsTpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8IBFcg+N8Wyura+sbm4Wt4vbO7t6+XTpo6ThVlDVpLGLVCYhmgkvWBA6CdRLFSBQI1g5G11O//cCU5rG8g3HC/IgMJA85JWCknl2qDLCnucQeDBmQ0/tazy47VWcGvEzcnJRRjkbP/vL6MU0jJoEKonXXdRLwM6KAU8EmRS/VLCF0RAasa6gkEdN+Njt9gk+M0sdhrExJwDP190RGIq3HUWA6IwJDvehNxf+8bgrhpZ9xmaTAJJ0vClOBIcbTHHCfK0ZBjA0hVHFzK6ZDoggFk1bRhOAuvrxMWmdV97zq3NbK9as8jgI6Qseoglx0geroBjVQE1H0iJ7RK3qznqwX6936mLeuWPnMIfoD6/MHrrOS+Q==</latexit>

(g sin ✓)2
<latexit sha1_base64="XhkaBimyEJYIric0CkuYALOslE0=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5JUQY9FLx4r2A9oYtlsN+3SzSbsTpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8IBFcg+N8Wyura+sbm4Wt4vbO7t6+XTpo6ThVlDVpLGLVCYhmgkvWBA6CdRLFSBQI1g5G11O//cCU5rG8g3HC/IgMJA85JWCknl2qDLCnucQeDBmQ0/tazy47VWcGvEzcnJRRjkbP/vL6MU0jJoEKonXXdRLwM6KAU8EmRS/VLCF0RAasa6gkEdN+Njt9gk+M0sdhrExJwDP190RGIq3HUWA6IwJDvehNxf+8bgrhpZ9xmaTAJJ0vClOBIcbTHHCfK0ZBjA0hVHFzK6ZDoggFk1bRhOAuvrxMWrWqe1Z1bs/L9as8jgI6Qseoglx0geroBjVQE1H0iJ7RK3qznqwX6936mLeuWPnMIfoD6/MHq6uS9w==</latexit>

�+
<latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit> 15� 30 GeV

<latexit sha1_base64="PruiO4CC/TIhbNNO5JuTknc1Z6Y=">AAAB+nicbVDJSgNBEO2JW4xbokcvjUHwYpgxih6DHvQYwSyQDKGnU5M06VnorlHDmE/x4kERr36JN//GznLQxAcFj/eqqKrnxVJotO1vK7O0vLK6ll3PbWxube/kC7t1HSWKQ41HMlJNj2mQIoQaCpTQjBWwwJPQ8AZXY79xD0qLKLzDYQxuwHqh8AVnaKROvuCcHZdt2kZ4xJReQ33UyRftkj0BXSTOjBTJDNVO/qvdjXgSQIhcMq1bjh2jmzKFgksY5dqJhpjxAetBy9CQBaDddHL6iB4apUv9SJkKkU7U3xMpC7QeBp7pDBj29bw3Fv/zWgn6F24qwjhBCPl0kZ9IihEd50C7QgFHOTSEcSXMrZT3mWIcTVo5E4Iz//IiqZ+UnHLJvj0tVi5ncWTJPjkgR8Qh56RCbkiV1AgnD+SZvJI368l6sd6tj2lrxprN7JE/sD5/ACwXkqg=</latexit>
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Warning: co-scattering regime
Small portal 
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Warning: co-scattering regime

• Mediators are still in chemical equilibrium

• Equilibrium is lost for dark matter

• Relic abundance is set by co-scattering + mediator annihilation

• Decays become very slow

Small portal 
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Warning: co-scattering regime

• Mediators are still in chemical equilibrium

• Equilibrium is lost for dark matter

• Relic abundance is set by co-scattering + mediator annihilation

• Decays become very slow

Small portal 

!7

DM M

SM SM

SM

These processes are not included in public codes e.g. MicrOMEGAs!

Is a common feature of theories with nontrivial dark sector in a small-coupling regime 

see [1904.07513], [1705.08450], [1705.09292] and [1906.09269] and the talk by P. Wang tomorrow for more examples



Small-coupling regime: phases
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Co-scattering @ decoupling & colliders
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Co-scattering @ decoupling & colliders
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DM M

SM SM

SM

• Mediator decays are slow during 
decoupling.

• But they are also long-lived at colliders!



Co-scattering @ decoupling & colliders

!9

DM M

SM SM

SM

• Mediator decays are slow during 
decoupling.

• But they are also long-lived at colliders!

DM

M �m

m
' 10%

<latexit sha1_base64="UyoQOBBhVO8JBGcEc2Fzzzms6Oo=">AAACB3icbVBNS8NAEN34WetX1KMgi6XgqSRV0GNRDx4r2A9oStlsJ+3S3STuboQScvPiX/HiQRGv/gVv/hu3bQ7a+mDg8d4MM/P8mDOlHefbWlpeWV1bL2wUN7e2d3btvf2mihJJoUEjHsm2TxRwFkJDM82hHUsgwufQ8kdXE7/1AFKxKLzT4xi6ggxCFjBKtJF69pEXSEJT7xq4Jlhkqciwp5iAe+w6Xrlnl5yKMwVeJG5OSihHvWd/ef2IJgJCTTlRquM6se6mRGpGOWRFL1EQEzoiA+gYGhIBqptO/8hw2Sh9HETSVKjxVP09kRKh1Fj4plMQPVTz3kT8z+skOrjopiyMEw0hnS0KEo51hCeh4D6TQDUfG0KoZOZWTIfEBKNNdEUTgjv/8iJpVivuaaV6e1aqXeZxFNAhOkYnyEXnqIZuUB01EEWP6Bm9ojfryXqx3q2PWeuSlc8coD+wPn8A1vCYoA==</latexit>

• Both dark states present at decoupling—  

   compressed spectrum.



Promising soft displaced signatures @ LHC
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Promising soft displaced signatures @ LHC
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displaced

displaced

Promising soft displaced signatures @ LHC
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displaced

displaced

Promising soft displaced signatures @ LHC
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displaced

displaced

Promising soft displaced signatures @ LHC

prompt

displaced

very soft
displaced

!10



Collider searches

13 TeV, 300 fb-1 

ATLAS 

CMS 13 TeV, 35.9 fb-1 
[1804.02357, 1206.3949]

High-Lumi LHC 3000 fb-1 [1703.05327]

c⌧+ ⇠ 1.5 cm
<latexit sha1_base64="VrrrzC0zqU7neEbGoPDbR+7X59w=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEQSiJKLosunFZwV6gCWEynbRDZ5IwcyKW0JUbX8WNC0Xc+gzufBunbRba+sPAN/85h5nzh6ngGhzn21pYXFpeWS2tldc3Nre27Z3dpk4yRVmDJiJR7ZBoJnjMGsBBsHaqGJGhYK1wcD2ut+6Z0jyJ72CYMl+SXswjTgkYK7APKPaAZMEJ9jSX2K2emzt7gBxTOcKBXXGqzkR4HtwCKqhQPbC/vG5CM8lioIJo3XGdFPycKOBUsFHZyzRLCR2QHusYjIlk2s8na4zwkXG6OEqUOTHgift7IidS66EMTack0NeztbH5X62TQXTp5zxOM2AxnT4UZQJDgseZ4C5XjIIYGiBUcfNXTPtEEQomubIJwZ1deR6ap1XX8O1ZpXZVxFFC++gQHSMXXaAaukF11EAUPaJn9IrerCfrxXq3PqatC1Yxs4f+yPr8AY5xl0I=</latexit><latexit sha1_base64="VrrrzC0zqU7neEbGoPDbR+7X59w=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEQSiJKLosunFZwV6gCWEynbRDZ5IwcyKW0JUbX8WNC0Xc+gzufBunbRba+sPAN/85h5nzh6ngGhzn21pYXFpeWS2tldc3Nre27Z3dpk4yRVmDJiJR7ZBoJnjMGsBBsHaqGJGhYK1wcD2ut+6Z0jyJ72CYMl+SXswjTgkYK7APKPaAZMEJ9jSX2K2emzt7gBxTOcKBXXGqzkR4HtwCKqhQPbC/vG5CM8lioIJo3XGdFPycKOBUsFHZyzRLCR2QHusYjIlk2s8na4zwkXG6OEqUOTHgift7IidS66EMTack0NeztbH5X62TQXTp5zxOM2AxnT4UZQJDgseZ4C5XjIIYGiBUcfNXTPtEEQomubIJwZ1deR6ap1XX8O1ZpXZVxFFC++gQHSMXXaAaukF11EAUPaJn9IrerCfrxXq3PqatC1Yxs4f+yPr8AY5xl0I=</latexit><latexit sha1_base64="VrrrzC0zqU7neEbGoPDbR+7X59w=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEQSiJKLosunFZwV6gCWEynbRDZ5IwcyKW0JUbX8WNC0Xc+gzufBunbRba+sPAN/85h5nzh6ngGhzn21pYXFpeWS2tldc3Nre27Z3dpk4yRVmDJiJR7ZBoJnjMGsBBsHaqGJGhYK1wcD2ut+6Z0jyJ72CYMl+SXswjTgkYK7APKPaAZMEJ9jSX2K2emzt7gBxTOcKBXXGqzkR4HtwCKqhQPbC/vG5CM8lioIJo3XGdFPycKOBUsFHZyzRLCR2QHusYjIlk2s8na4zwkXG6OEqUOTHgift7IidS66EMTack0NeztbH5X62TQXTp5zxOM2AxnT4UZQJDgseZ4C5XjIIYGiBUcfNXTPtEEQomubIJwZ1deR6ap1XX8O1ZpXZVxFFC++gQHSMXXaAaukF11EAUPaJn9IrerCfrxXq3PqatC1Yxs4f+yPr8AY5xl0I=</latexit><latexit sha1_base64="VrrrzC0zqU7neEbGoPDbR+7X59w=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEQSiJKLosunFZwV6gCWEynbRDZ5IwcyKW0JUbX8WNC0Xc+gzufBunbRba+sPAN/85h5nzh6ngGhzn21pYXFpeWS2tldc3Nre27Z3dpk4yRVmDJiJR7ZBoJnjMGsBBsHaqGJGhYK1wcD2ut+6Z0jyJ72CYMl+SXswjTgkYK7APKPaAZMEJ9jSX2K2emzt7gBxTOcKBXXGqzkR4HtwCKqhQPbC/vG5CM8lioIJo3XGdFPycKOBUsFHZyzRLCR2QHusYjIlk2s8na4zwkXG6OEqUOTHgift7IidS66EMTack0NeztbH5X62TQXTp5zxOM2AxnT4UZQJDgseZ4C5XjIIYGiBUcfNXTPtEEQomubIJwZ1deR6ap1XX8O1ZpXZVxFFC++gQHSMXXaAaukF11EAUPaJn9IrerCfrxXq3PqatC1Yxs4f+yPr8AY5xl0I=</latexit>

c⌧h ⇠ 1m
<latexit sha1_base64="6UI28oY6gpwZogtsrT0SEMZwxv4=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlRgRdFt24rGBboTMMmTRtQ5PMkNwRy1Dc+CpuXCji1qdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RyjCO36tW8qfAi+AVUUaFG5H4F3YRmkimgghjT8b0Uwpxo4FSwcSXIDEsJHZI+61hURDIT5tMVxvjYOl3cS7Q9CvDU/T2RE2nMSMa2UxIYmPnaxPyv1smgdxHmXKUZMEVnD/UygSHBkzxwl2tGQYwsEKq5/SumA6IJBZtaxYbgz6+8CK3Tmm/55qxavyziKKNDdIROkI/OUR1dowZqIooe0TN6RW/Ok/PivDsfs9aSU8zsoz9yPn8A3k2WcQ==</latexit><latexit sha1_base64="6UI28oY6gpwZogtsrT0SEMZwxv4=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlRgRdFt24rGBboTMMmTRtQ5PMkNwRy1Dc+CpuXCji1qdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RyjCO36tW8qfAi+AVUUaFG5H4F3YRmkimgghjT8b0Uwpxo4FSwcSXIDEsJHZI+61hURDIT5tMVxvjYOl3cS7Q9CvDU/T2RE2nMSMa2UxIYmPnaxPyv1smgdxHmXKUZMEVnD/UygSHBkzxwl2tGQYwsEKq5/SumA6IJBZtaxYbgz6+8CK3Tmm/55qxavyziKKNDdIROkI/OUR1dowZqIooe0TN6RW/Ok/PivDsfs9aSU8zsoz9yPn8A3k2WcQ==</latexit><latexit sha1_base64="6UI28oY6gpwZogtsrT0SEMZwxv4=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlRgRdFt24rGBboTMMmTRtQ5PMkNwRy1Dc+CpuXCji1qdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RyjCO36tW8qfAi+AVUUaFG5H4F3YRmkimgghjT8b0Uwpxo4FSwcSXIDEsJHZI+61hURDIT5tMVxvjYOl3cS7Q9CvDU/T2RE2nMSMa2UxIYmPnaxPyv1smgdxHmXKUZMEVnD/UygSHBkzxwl2tGQYwsEKq5/SumA6IJBZtaxYbgz6+8CK3Tmm/55qxavyziKKNDdIROkI/OUR1dowZqIooe0TN6RW/Ok/PivDsfs9aSU8zsoz9yPn8A3k2WcQ==</latexit><latexit sha1_base64="6UI28oY6gpwZogtsrT0SEMZwxv4=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlRgRdFt24rGBboTMMmTRtQ5PMkNwRy1Dc+CpuXCji1qdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RyjCO36tW8qfAi+AVUUaFG5H4F3YRmkimgghjT8b0Uwpxo4FSwcSXIDEsJHZI+61hURDIT5tMVxvjYOl3cS7Q9CvDU/T2RE2nMSMa2UxIYmPnaxPyv1smgdxHmXKUZMEVnD/UygSHBkzxwl2tGQYwsEKq5/SumA6IJBZtaxYbgz6+8CK3Tmm/55qxavyziKKNDdIROkI/OUR1dowZqIooe0TN6RW/Ok/PivDsfs9aSU8zsoz9yPn8A3k2WcQ==</latexit>

c⌧h ⇠ 1cm
<latexit sha1_base64="oxGSrs/CF24cIEHw/r718Aqy0wM=">AAACA3icbZDNSgMxFIUz9a/Wv1F3ugkWwVWZEUGXRTcuK9hW6AxDJk3b0CQzJHfEMhTc+CpuXCji1pdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RUjnHkVr2aNxVeBL+AKirUiNyvoJvQTDIFVBBjOr6XQpgTDZwKNq4EmWEpoUPSZx2Likhmwny6wxgfW6eLe4m2RwGeur8nciKNGcnYdkoCAzNfm5j/1ToZ9C7CnKs0A6bo7KFeJjAkeBII7nLNKIiRBUI1t3/FdEA0oWBjq9gQ/PmVF6F1WvMt35xV65dFHGV0iI7QCfLROaqja9RATUTRI3pGr+jNeXJenHfnY9ZacoqZffRHzucPooaW3g==</latexit><latexit sha1_base64="oxGSrs/CF24cIEHw/r718Aqy0wM=">AAACA3icbZDNSgMxFIUz9a/Wv1F3ugkWwVWZEUGXRTcuK9hW6AxDJk3b0CQzJHfEMhTc+CpuXCji1pdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RUjnHkVr2aNxVeBL+AKirUiNyvoJvQTDIFVBBjOr6XQpgTDZwKNq4EmWEpoUPSZx2Likhmwny6wxgfW6eLe4m2RwGeur8nciKNGcnYdkoCAzNfm5j/1ToZ9C7CnKs0A6bo7KFeJjAkeBII7nLNKIiRBUI1t3/FdEA0oWBjq9gQ/PmVF6F1WvMt35xV65dFHGV0iI7QCfLROaqja9RATUTRI3pGr+jNeXJenHfnY9ZacoqZffRHzucPooaW3g==</latexit><latexit sha1_base64="oxGSrs/CF24cIEHw/r718Aqy0wM=">AAACA3icbZDNSgMxFIUz9a/Wv1F3ugkWwVWZEUGXRTcuK9hW6AxDJk3b0CQzJHfEMhTc+CpuXCji1pdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RUjnHkVr2aNxVeBL+AKirUiNyvoJvQTDIFVBBjOr6XQpgTDZwKNq4EmWEpoUPSZx2Likhmwny6wxgfW6eLe4m2RwGeur8nciKNGcnYdkoCAzNfm5j/1ToZ9C7CnKs0A6bo7KFeJjAkeBII7nLNKIiRBUI1t3/FdEA0oWBjq9gQ/PmVF6F1WvMt35xV65dFHGV0iI7QCfLROaqja9RATUTRI3pGr+jNeXJenHfnY9ZacoqZffRHzucPooaW3g==</latexit><latexit sha1_base64="oxGSrs/CF24cIEHw/r718Aqy0wM=">AAACA3icbZDNSgMxFIUz9a/Wv1F3ugkWwVWZEUGXRTcuK9hW6AxDJk3b0CQzJHfEMhTc+CpuXCji1pdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RUjnHkVr2aNxVeBL+AKirUiNyvoJvQTDIFVBBjOr6XQpgTDZwKNq4EmWEpoUPSZx2Likhmwny6wxgfW6eLe4m2RwGeur8nciKNGcnYdkoCAzNfm5j/1ToZ9C7CnKs0A6bo7KFeJjAkeBII7nLNKIiRBUI1t3/FdEA0oWBjq9gQ/PmVF6F1WvMt35xV65dFHGV0iI7QCfLROaqja9RATUTRI3pGr+jNeXJenHfnY9ZacoqZffRHzucPooaW3g==</latexit>

c⌧+ ⇠ 7 cm
<latexit sha1_base64="xw9kHRlJyuWW1YYQ6KHqC9NnZPE=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJCHVZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO3F9XGVRFHCVXQMTpFLqqjBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGo4pbR</latexit><latexit sha1_base64="xw9kHRlJyuWW1YYQ6KHqC9NnZPE=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJCHVZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO3F9XGVRFHCVXQMTpFLqqjBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGo4pbR</latexit><latexit sha1_base64="xw9kHRlJyuWW1YYQ6KHqC9NnZPE=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJCHVZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO3F9XGVRFHCVXQMTpFLqqjBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGo4pbR</latexit><latexit sha1_base64="xw9kHRlJyuWW1YYQ6KHqC9NnZPE=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJCHVZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO3F9XGVRFHCVXQMTpFLqqjBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGo4pbR</latexit>

c⌧+ ⇠ 200 µm
<latexit sha1_base64="yLFf4r0YBmsTgnvwumK/7Gc0XCM=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEoSRF0WXTjsoK9QBPCZDpph85MwlyEEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+OGNUac/7dkorq2vrG+XNytb2zu6eu3/QVqmRmLRwylLZjZEijArS0lQz0s0kQTxmpBOPbqb1zgORiqbiXo8zEnI0EDShGGlrRe4RhoFGJjqHgaIc1j0vgAE3kEdu1at5M8Fl8AuogkLNyP0K+ik2nAiNGVKq53uZDnMkNcWMTCqBUSRDeIQGpGdRIE5UmM8umMBT6/Rhkkr7hIYz9/dEjrhSYx7bTo70UC3WpuZ/tZ7RyVWYU5EZTQSeL0oMgzqF0zhgn0qCNRtbQFhS+1eIh0girG1oFRuCv3jyMrTrNd/y3UW1cV3EUQbH4AScAR9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/kfP4AmySVDA==</latexit><latexit sha1_base64="yLFf4r0YBmsTgnvwumK/7Gc0XCM=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEoSRF0WXTjsoK9QBPCZDpph85MwlyEEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+OGNUac/7dkorq2vrG+XNytb2zu6eu3/QVqmRmLRwylLZjZEijArS0lQz0s0kQTxmpBOPbqb1zgORiqbiXo8zEnI0EDShGGlrRe4RhoFGJjqHgaIc1j0vgAE3kEdu1at5M8Fl8AuogkLNyP0K+ik2nAiNGVKq53uZDnMkNcWMTCqBUSRDeIQGpGdRIE5UmM8umMBT6/Rhkkr7hIYz9/dEjrhSYx7bTo70UC3WpuZ/tZ7RyVWYU5EZTQSeL0oMgzqF0zhgn0qCNRtbQFhS+1eIh0girG1oFRuCv3jyMrTrNd/y3UW1cV3EUQbH4AScAR9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/kfP4AmySVDA==</latexit><latexit sha1_base64="yLFf4r0YBmsTgnvwumK/7Gc0XCM=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEoSRF0WXTjsoK9QBPCZDpph85MwlyEEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+OGNUac/7dkorq2vrG+XNytb2zu6eu3/QVqmRmLRwylLZjZEijArS0lQz0s0kQTxmpBOPbqb1zgORiqbiXo8zEnI0EDShGGlrRe4RhoFGJjqHgaIc1j0vgAE3kEdu1at5M8Fl8AuogkLNyP0K+ik2nAiNGVKq53uZDnMkNcWMTCqBUSRDeIQGpGdRIE5UmM8umMBT6/Rhkkr7hIYz9/dEjrhSYx7bTo70UC3WpuZ/tZ7RyVWYU5EZTQSeL0oMgzqF0zhgn0qCNRtbQFhS+1eIh0girG1oFRuCv3jyMrTrNd/y3UW1cV3EUQbH4AScAR9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/kfP4AmySVDA==</latexit><latexit sha1_base64="yLFf4r0YBmsTgnvwumK/7Gc0XCM=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEoSRF0WXTjsoK9QBPCZDpph85MwlyEEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+OGNUac/7dkorq2vrG+XNytb2zu6eu3/QVqmRmLRwylLZjZEijArS0lQz0s0kQTxmpBOPbqb1zgORiqbiXo8zEnI0EDShGGlrRe4RhoFGJjqHgaIc1j0vgAE3kEdu1at5M8Fl8AuogkLNyP0K+ik2nAiNGVKq53uZDnMkNcWMTCqBUSRDeIQGpGdRIE5UmM8umMBT6/Rhkkr7hIYz9/dEjrhSYx7bTo70UC3WpuZ/tZ7RyVWYU5EZTQSeL0oMgzqF0zhgn0qCNRtbQFhS+1eIh0girG1oFRuCv3jyMrTrNd/y3UW1cV3EUQbH4AScAR9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/kfP4AmySVDA==</latexit>

 [1506.08206]

[1712.02118]

13 TeV, 36.1 fb-1

[1804.02357]
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Collider searches

13 TeV, 300 fb-1 

ATLAS 

CMS 13 TeV, 35.9 fb-1 
[1804.02357, 1206.3949]

High-Lumi LHC 3000 fb-1 [1703.05327]

c⌧+ ⇠ 1.5 cm
<latexit sha1_base64="VrrrzC0zqU7neEbGoPDbR+7X59w=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEQSiJKLosunFZwV6gCWEynbRDZ5IwcyKW0JUbX8WNC0Xc+gzufBunbRba+sPAN/85h5nzh6ngGhzn21pYXFpeWS2tldc3Nre27Z3dpk4yRVmDJiJR7ZBoJnjMGsBBsHaqGJGhYK1wcD2ut+6Z0jyJ72CYMl+SXswjTgkYK7APKPaAZMEJ9jSX2K2emzt7gBxTOcKBXXGqzkR4HtwCKqhQPbC/vG5CM8lioIJo3XGdFPycKOBUsFHZyzRLCR2QHusYjIlk2s8na4zwkXG6OEqUOTHgift7IidS66EMTack0NeztbH5X62TQXTp5zxOM2AxnT4UZQJDgseZ4C5XjIIYGiBUcfNXTPtEEQomubIJwZ1deR6ap1XX8O1ZpXZVxFFC++gQHSMXXaAaukF11EAUPaJn9IrerCfrxXq3PqatC1Yxs4f+yPr8AY5xl0I=</latexit><latexit sha1_base64="VrrrzC0zqU7neEbGoPDbR+7X59w=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEQSiJKLosunFZwV6gCWEynbRDZ5IwcyKW0JUbX8WNC0Xc+gzufBunbRba+sPAN/85h5nzh6ngGhzn21pYXFpeWS2tldc3Nre27Z3dpk4yRVmDJiJR7ZBoJnjMGsBBsHaqGJGhYK1wcD2ut+6Z0jyJ72CYMl+SXswjTgkYK7APKPaAZMEJ9jSX2K2emzt7gBxTOcKBXXGqzkR4HtwCKqhQPbC/vG5CM8lioIJo3XGdFPycKOBUsFHZyzRLCR2QHusYjIlk2s8na4zwkXG6OEqUOTHgift7IidS66EMTack0NeztbH5X62TQXTp5zxOM2AxnT4UZQJDgseZ4C5XjIIYGiBUcfNXTPtEEQomubIJwZ1deR6ap1XX8O1ZpXZVxFFC++gQHSMXXaAaukF11EAUPaJn9IrerCfrxXq3PqatC1Yxs4f+yPr8AY5xl0I=</latexit><latexit sha1_base64="VrrrzC0zqU7neEbGoPDbR+7X59w=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEQSiJKLosunFZwV6gCWEynbRDZ5IwcyKW0JUbX8WNC0Xc+gzufBunbRba+sPAN/85h5nzh6ngGhzn21pYXFpeWS2tldc3Nre27Z3dpk4yRVmDJiJR7ZBoJnjMGsBBsHaqGJGhYK1wcD2ut+6Z0jyJ72CYMl+SXswjTgkYK7APKPaAZMEJ9jSX2K2emzt7gBxTOcKBXXGqzkR4HtwCKqhQPbC/vG5CM8lioIJo3XGdFPycKOBUsFHZyzRLCR2QHusYjIlk2s8na4zwkXG6OEqUOTHgift7IidS66EMTack0NeztbH5X62TQXTp5zxOM2AxnT4UZQJDgseZ4C5XjIIYGiBUcfNXTPtEEQomubIJwZ1deR6ap1XX8O1ZpXZVxFFC++gQHSMXXaAaukF11EAUPaJn9IrerCfrxXq3PqatC1Yxs4f+yPr8AY5xl0I=</latexit><latexit sha1_base64="VrrrzC0zqU7neEbGoPDbR+7X59w=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEQSiJKLosunFZwV6gCWEynbRDZ5IwcyKW0JUbX8WNC0Xc+gzufBunbRba+sPAN/85h5nzh6ngGhzn21pYXFpeWS2tldc3Nre27Z3dpk4yRVmDJiJR7ZBoJnjMGsBBsHaqGJGhYK1wcD2ut+6Z0jyJ72CYMl+SXswjTgkYK7APKPaAZMEJ9jSX2K2emzt7gBxTOcKBXXGqzkR4HtwCKqhQPbC/vG5CM8lioIJo3XGdFPycKOBUsFHZyzRLCR2QHusYjIlk2s8na4zwkXG6OEqUOTHgift7IidS66EMTack0NeztbH5X62TQXTp5zxOM2AxnT4UZQJDgseZ4C5XjIIYGiBUcfNXTPtEEQomubIJwZ1deR6ap1XX8O1ZpXZVxFFC++gQHSMXXaAaukF11EAUPaJn9IrerCfrxXq3PqatC1Yxs4f+yPr8AY5xl0I=</latexit>

c⌧h ⇠ 1m
<latexit sha1_base64="6UI28oY6gpwZogtsrT0SEMZwxv4=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlRgRdFt24rGBboTMMmTRtQ5PMkNwRy1Dc+CpuXCji1qdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RyjCO36tW8qfAi+AVUUaFG5H4F3YRmkimgghjT8b0Uwpxo4FSwcSXIDEsJHZI+61hURDIT5tMVxvjYOl3cS7Q9CvDU/T2RE2nMSMa2UxIYmPnaxPyv1smgdxHmXKUZMEVnD/UygSHBkzxwl2tGQYwsEKq5/SumA6IJBZtaxYbgz6+8CK3Tmm/55qxavyziKKNDdIROkI/OUR1dowZqIooe0TN6RW/Ok/PivDsfs9aSU8zsoz9yPn8A3k2WcQ==</latexit><latexit sha1_base64="6UI28oY6gpwZogtsrT0SEMZwxv4=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlRgRdFt24rGBboTMMmTRtQ5PMkNwRy1Dc+CpuXCji1qdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RyjCO36tW8qfAi+AVUUaFG5H4F3YRmkimgghjT8b0Uwpxo4FSwcSXIDEsJHZI+61hURDIT5tMVxvjYOl3cS7Q9CvDU/T2RE2nMSMa2UxIYmPnaxPyv1smgdxHmXKUZMEVnD/UygSHBkzxwl2tGQYwsEKq5/SumA6IJBZtaxYbgz6+8CK3Tmm/55qxavyziKKNDdIROkI/OUR1dowZqIooe0TN6RW/Ok/PivDsfs9aSU8zsoz9yPn8A3k2WcQ==</latexit><latexit sha1_base64="6UI28oY6gpwZogtsrT0SEMZwxv4=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlRgRdFt24rGBboTMMmTRtQ5PMkNwRy1Dc+CpuXCji1qdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RyjCO36tW8qfAi+AVUUaFG5H4F3YRmkimgghjT8b0Uwpxo4FSwcSXIDEsJHZI+61hURDIT5tMVxvjYOl3cS7Q9CvDU/T2RE2nMSMa2UxIYmPnaxPyv1smgdxHmXKUZMEVnD/UygSHBkzxwl2tGQYwsEKq5/SumA6IJBZtaxYbgz6+8CK3Tmm/55qxavyziKKNDdIROkI/OUR1dowZqIooe0TN6RW/Ok/PivDsfs9aSU8zsoz9yPn8A3k2WcQ==</latexit><latexit sha1_base64="6UI28oY6gpwZogtsrT0SEMZwxv4=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlRgRdFt24rGBboTMMmTRtQ5PMkNwRy1Dc+CpuXCji1qdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RyjCO36tW8qfAi+AVUUaFG5H4F3YRmkimgghjT8b0Uwpxo4FSwcSXIDEsJHZI+61hURDIT5tMVxvjYOl3cS7Q9CvDU/T2RE2nMSMa2UxIYmPnaxPyv1smgdxHmXKUZMEVnD/UygSHBkzxwl2tGQYwsEKq5/SumA6IJBZtaxYbgz6+8CK3Tmm/55qxavyziKKNDdIROkI/OUR1dowZqIooe0TN6RW/Ok/PivDsfs9aSU8zsoz9yPn8A3k2WcQ==</latexit>

c⌧h ⇠ 1cm
<latexit sha1_base64="oxGSrs/CF24cIEHw/r718Aqy0wM=">AAACA3icbZDNSgMxFIUz9a/Wv1F3ugkWwVWZEUGXRTcuK9hW6AxDJk3b0CQzJHfEMhTc+CpuXCji1pdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RUjnHkVr2aNxVeBL+AKirUiNyvoJvQTDIFVBBjOr6XQpgTDZwKNq4EmWEpoUPSZx2Likhmwny6wxgfW6eLe4m2RwGeur8nciKNGcnYdkoCAzNfm5j/1ToZ9C7CnKs0A6bo7KFeJjAkeBII7nLNKIiRBUI1t3/FdEA0oWBjq9gQ/PmVF6F1WvMt35xV65dFHGV0iI7QCfLROaqja9RATUTRI3pGr+jNeXJenHfnY9ZacoqZffRHzucPooaW3g==</latexit><latexit sha1_base64="oxGSrs/CF24cIEHw/r718Aqy0wM=">AAACA3icbZDNSgMxFIUz9a/Wv1F3ugkWwVWZEUGXRTcuK9hW6AxDJk3b0CQzJHfEMhTc+CpuXCji1pdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RUjnHkVr2aNxVeBL+AKirUiNyvoJvQTDIFVBBjOr6XQpgTDZwKNq4EmWEpoUPSZx2Likhmwny6wxgfW6eLe4m2RwGeur8nciKNGcnYdkoCAzNfm5j/1ToZ9C7CnKs0A6bo7KFeJjAkeBII7nLNKIiRBUI1t3/FdEA0oWBjq9gQ/PmVF6F1WvMt35xV65dFHGV0iI7QCfLROaqja9RATUTRI3pGr+jNeXJenHfnY9ZacoqZffRHzucPooaW3g==</latexit><latexit sha1_base64="oxGSrs/CF24cIEHw/r718Aqy0wM=">AAACA3icbZDNSgMxFIUz9a/Wv1F3ugkWwVWZEUGXRTcuK9hW6AxDJk3b0CQzJHfEMhTc+CpuXCji1pdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RUjnHkVr2aNxVeBL+AKirUiNyvoJvQTDIFVBBjOr6XQpgTDZwKNq4EmWEpoUPSZx2Likhmwny6wxgfW6eLe4m2RwGeur8nciKNGcnYdkoCAzNfm5j/1ToZ9C7CnKs0A6bo7KFeJjAkeBII7nLNKIiRBUI1t3/FdEA0oWBjq9gQ/PmVF6F1WvMt35xV65dFHGV0iI7QCfLROaqja9RATUTRI3pGr+jNeXJenHfnY9ZacoqZffRHzucPooaW3g==</latexit><latexit sha1_base64="oxGSrs/CF24cIEHw/r718Aqy0wM=">AAACA3icbZDNSgMxFIUz9a/Wv1F3ugkWwVWZEUGXRTcuK9hW6AxDJk3b0CQzJHfEMhTc+CpuXCji1pdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RUjnHkVr2aNxVeBL+AKirUiNyvoJvQTDIFVBBjOr6XQpgTDZwKNq4EmWEpoUPSZx2Likhmwny6wxgfW6eLe4m2RwGeur8nciKNGcnYdkoCAzNfm5j/1ToZ9C7CnKs0A6bo7KFeJjAkeBII7nLNKIiRBUI1t3/FdEA0oWBjq9gQ/PmVF6F1WvMt35xV65dFHGV0iI7QCfLROaqja9RATUTRI3pGr+jNeXJenHfnY9ZacoqZffRHzucPooaW3g==</latexit>

c⌧+ ⇠ 7 cm
<latexit sha1_base64="xw9kHRlJyuWW1YYQ6KHqC9NnZPE=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJCHVZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO3F9XGVRFHCVXQMTpFLqqjBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGo4pbR</latexit><latexit sha1_base64="xw9kHRlJyuWW1YYQ6KHqC9NnZPE=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJCHVZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO3F9XGVRFHCVXQMTpFLqqjBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGo4pbR</latexit><latexit sha1_base64="xw9kHRlJyuWW1YYQ6KHqC9NnZPE=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJCHVZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO3F9XGVRFHCVXQMTpFLqqjBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGo4pbR</latexit><latexit sha1_base64="xw9kHRlJyuWW1YYQ6KHqC9NnZPE=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJCHVZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO3F9XGVRFHCVXQMTpFLqqjBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGo4pbR</latexit>

c⌧+ ⇠ 200 µm
<latexit sha1_base64="yLFf4r0YBmsTgnvwumK/7Gc0XCM=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEoSRF0WXTjsoK9QBPCZDpph85MwlyEEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+OGNUac/7dkorq2vrG+XNytb2zu6eu3/QVqmRmLRwylLZjZEijArS0lQz0s0kQTxmpBOPbqb1zgORiqbiXo8zEnI0EDShGGlrRe4RhoFGJjqHgaIc1j0vgAE3kEdu1at5M8Fl8AuogkLNyP0K+ik2nAiNGVKq53uZDnMkNcWMTCqBUSRDeIQGpGdRIE5UmM8umMBT6/Rhkkr7hIYz9/dEjrhSYx7bTo70UC3WpuZ/tZ7RyVWYU5EZTQSeL0oMgzqF0zhgn0qCNRtbQFhS+1eIh0girG1oFRuCv3jyMrTrNd/y3UW1cV3EUQbH4AScAR9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/kfP4AmySVDA==</latexit><latexit sha1_base64="yLFf4r0YBmsTgnvwumK/7Gc0XCM=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEoSRF0WXTjsoK9QBPCZDpph85MwlyEEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+OGNUac/7dkorq2vrG+XNytb2zu6eu3/QVqmRmLRwylLZjZEijArS0lQz0s0kQTxmpBOPbqb1zgORiqbiXo8zEnI0EDShGGlrRe4RhoFGJjqHgaIc1j0vgAE3kEdu1at5M8Fl8AuogkLNyP0K+ik2nAiNGVKq53uZDnMkNcWMTCqBUSRDeIQGpGdRIE5UmM8umMBT6/Rhkkr7hIYz9/dEjrhSYx7bTo70UC3WpuZ/tZ7RyVWYU5EZTQSeL0oMgzqF0zhgn0qCNRtbQFhS+1eIh0girG1oFRuCv3jyMrTrNd/y3UW1cV3EUQbH4AScAR9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/kfP4AmySVDA==</latexit><latexit sha1_base64="yLFf4r0YBmsTgnvwumK/7Gc0XCM=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEoSRF0WXTjsoK9QBPCZDpph85MwlyEEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+OGNUac/7dkorq2vrG+XNytb2zu6eu3/QVqmRmLRwylLZjZEijArS0lQz0s0kQTxmpBOPbqb1zgORiqbiXo8zEnI0EDShGGlrRe4RhoFGJjqHgaIc1j0vgAE3kEdu1at5M8Fl8AuogkLNyP0K+ik2nAiNGVKq53uZDnMkNcWMTCqBUSRDeIQGpGdRIE5UmM8umMBT6/Rhkkr7hIYz9/dEjrhSYx7bTo70UC3WpuZ/tZ7RyVWYU5EZTQSeL0oMgzqF0zhgn0qCNRtbQFhS+1eIh0girG1oFRuCv3jyMrTrNd/y3UW1cV3EUQbH4AScAR9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/kfP4AmySVDA==</latexit><latexit sha1_base64="yLFf4r0YBmsTgnvwumK/7Gc0XCM=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEoSRF0WXTjsoK9QBPCZDpph85MwlyEEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+OGNUac/7dkorq2vrG+XNytb2zu6eu3/QVqmRmLRwylLZjZEijArS0lQz0s0kQTxmpBOPbqb1zgORiqbiXo8zEnI0EDShGGlrRe4RhoFGJjqHgaIc1j0vgAE3kEdu1at5M8Fl8AuogkLNyP0K+ik2nAiNGVKq53uZDnMkNcWMTCqBUSRDeIQGpGdRIE5UmM8umMBT6/Rhkkr7hIYz9/dEjrhSYx7bTo70UC3WpuZ/tZ7RyVWYU5EZTQSeL0oMgzqF0zhgn0qCNRtbQFhS+1eIh0girG1oFRuCv3jyMrTrNd/y3UW1cV3EUQbH4AScAR9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/kfP4AmySVDA==</latexit>

 [1506.08206]

[1712.02118]

13 TeV, 36.1 fb-1

[1804.02357]

Prompt searches can not help
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Lifetimes accessible @ LHC
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thermal relic

How displaced/soft?
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Current cut  
[CMS-PAS-EXO-16-022]
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thermal relic

How displaced/soft?
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Current cut  
[CMS-PAS-EXO-16-022]
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thermal relic

How displaced/soft?

!13

Current cut  
[CMS-PAS-EXO-16-022]

PRELIMINARY

Displacement for proposed cut



Summary
• The singlet-triplet Higgs portal is a minimal fermionic extension to the 

SM weak sector with a naturally small coupling. 

• Due to strong direct detection constraints, the thermal relic abundance of 
dark matter is set by mediator annihilation and co-scattering processes.  

• This also leads to a natural appearance of the long-lived states. The most 
promising collider signatures involve displaced particles. 

• New searches are needed to conclusively test this scenario: displaced 
soft leptons, appearing tracks, etc.

!14[S.Westhoff's talk at 5th LLP Workshop]



Thank you!



Backup slides



Lines: [Planck coll., 1502.01589]

med.ann. + decays

Surviving regions: pseudoscalar case

f
<latexit sha1_base64="it5VkLRbwyNrCFUeipw4aHvqexs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUCPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreZdVtXFVqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBy5uM7A==</latexit>

f 0
<latexit sha1_base64="hhw0WauJcftOlNBtLRBWxEW0bVA=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lU0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6CE975YpbdWcgy8TLSQVy1Hvlr24/ZmmE0jBBte54bmL8jCrDmcBJqZtqTCgb0QF2LJU0Qu1ns0sn5MQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpySDcFbfHmZNM+r3kXVvb+s1G7yOIpwBMdwBh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeWnDymUP4A+fzBywQjR0=</latexit>

Mediator annihilation + further decays to (g cos ✓)2
<latexit sha1_base64="nlcbGIHcinUBc2pef0QERxOZMlo=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5JUQY9FLx4r2A9oYtlsN+3STTbsTpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8IBFcg+N8Wyura+sbm4Wt4vbO7t6+XTpoaZkqyppUCqk6AdFM8Jg1gYNgnUQxEgWCtYPR9dRvPzCluYzvYJwwPyKDmIecEjBSzy5VBtijUmMPhgzI6X2tZ5edqjMDXiZuTsooR6Nnf3l9SdOIxUAF0brrOgn4GVHAqWCTopdqlhA6IgPWNTQmEdN+Njt9gk+M0sehVKZiwDP190RGIq3HUWA6IwJDvehNxf+8bgrhpZ/xOEmBxXS+KEwFBomnOeA+V4yCGBtCqOLmVkyHRBEKJq2iCcFdfHmZtGpV96zq3J6X61d5HAV0hI5RBbnoAtXRDWqgJqLoET2jV/RmPVkv1rv1MW9dsfKZQ/QH1ucPo8uS8g==</latexit>

�+
<latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit> 15� 30 GeV

<latexit sha1_base64="PruiO4CC/TIhbNNO5JuTknc1Z6Y=">AAAB+nicbVDJSgNBEO2JW4xbokcvjUHwYpgxih6DHvQYwSyQDKGnU5M06VnorlHDmE/x4kERr36JN//GznLQxAcFj/eqqKrnxVJotO1vK7O0vLK6ll3PbWxube/kC7t1HSWKQ41HMlJNj2mQIoQaCpTQjBWwwJPQ8AZXY79xD0qLKLzDYQxuwHqh8AVnaKROvuCcHZdt2kZ4xJReQ33UyRftkj0BXSTOjBTJDNVO/qvdjXgSQIhcMq1bjh2jmzKFgksY5dqJhpjxAetBy9CQBaDddHL6iB4apUv9SJkKkU7U3xMpC7QeBp7pDBj29bw3Fv/zWgn6F24qwjhBCPl0kZ9IihEd50C7QgFHOTSEcSXMrZT3mWIcTVo5E4Iz//IiqZ+UnHLJvj0tVi5ncWTJPjkgR8Qh56RCbkiV1AgnD+SZvJI368l6sd6tj2lrxprN7JE/sD5/ACwXkqg=</latexit>

!17



LHC: prompt and displaced soft particles

j

j

Disappearing charged tracks
ATLAS [1712.02118]

Mahbubani, Schwaller, Zurita [1703.05327]

Soft leptons
Bharuchaa, Brümmer, Desai [1804.02357]

CMS [1206.3949]

Displaced jets
Nagata, Otono, Shirai  [1506.08206]



Collider searches

13 TeV, 300 fb-1 [1506.08206]

CMS 13 TeV, 35.9 fb-1 
[1804.02357, 1206.3949]

efficiency uncertainty 

Prompt decays of

ATLAS 13 TeV, 36.1 fb-1

[1712.02118]
High-Lumi LHC 3000 fb-1 

[1703.05327]

c⌧+ ⇠ 4 cm
<latexit sha1_base64="WfwXf0r3dUYMtjgJOypgA6J1LCo=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJFHRZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO39WrjqoijhCroGJ0iF12gBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGkMpbO</latexit><latexit sha1_base64="WfwXf0r3dUYMtjgJOypgA6J1LCo=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJFHRZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO39WrjqoijhCroGJ0iF12gBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGkMpbO</latexit><latexit sha1_base64="WfwXf0r3dUYMtjgJOypgA6J1LCo=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJFHRZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO39WrjqoijhCroGJ0iF12gBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGkMpbO</latexit><latexit sha1_base64="WfwXf0r3dUYMtjgJOypgA6J1LCo=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJFHRZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO39WrjqoijhCroGJ0iF12gBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGkMpbO</latexit>

c⌧+ ⇠ 7 cm
<latexit sha1_base64="xw9kHRlJyuWW1YYQ6KHqC9NnZPE=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJCHVZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO3F9XGVRFHCVXQMTpFLqqjBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGo4pbR</latexit><latexit sha1_base64="xw9kHRlJyuWW1YYQ6KHqC9NnZPE=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJCHVZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO3F9XGVRFHCVXQMTpFLqqjBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGo4pbR</latexit><latexit sha1_base64="xw9kHRlJyuWW1YYQ6KHqC9NnZPE=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJCHVZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO3F9XGVRFHCVXQMTpFLqqjBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGo4pbR</latexit><latexit sha1_base64="xw9kHRlJyuWW1YYQ6KHqC9NnZPE=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJCHVZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO3F9XGVRFHCVXQMTpFLqqjBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGo4pbR</latexit>

c⌧h ⇠ 1m
<latexit sha1_base64="6UI28oY6gpwZogtsrT0SEMZwxv4=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlRgRdFt24rGBboTMMmTRtQ5PMkNwRy1Dc+CpuXCji1qdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RyjCO36tW8qfAi+AVUUaFG5H4F3YRmkimgghjT8b0Uwpxo4FSwcSXIDEsJHZI+61hURDIT5tMVxvjYOl3cS7Q9CvDU/T2RE2nMSMa2UxIYmPnaxPyv1smgdxHmXKUZMEVnD/UygSHBkzxwl2tGQYwsEKq5/SumA6IJBZtaxYbgz6+8CK3Tmm/55qxavyziKKNDdIROkI/OUR1dowZqIooe0TN6RW/Ok/PivDsfs9aSU8zsoz9yPn8A3k2WcQ==</latexit><latexit sha1_base64="6UI28oY6gpwZogtsrT0SEMZwxv4=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlRgRdFt24rGBboTMMmTRtQ5PMkNwRy1Dc+CpuXCji1qdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RyjCO36tW8qfAi+AVUUaFG5H4F3YRmkimgghjT8b0Uwpxo4FSwcSXIDEsJHZI+61hURDIT5tMVxvjYOl3cS7Q9CvDU/T2RE2nMSMa2UxIYmPnaxPyv1smgdxHmXKUZMEVnD/UygSHBkzxwl2tGQYwsEKq5/SumA6IJBZtaxYbgz6+8CK3Tmm/55qxavyziKKNDdIROkI/OUR1dowZqIooe0TN6RW/Ok/PivDsfs9aSU8zsoz9yPn8A3k2WcQ==</latexit><latexit sha1_base64="6UI28oY6gpwZogtsrT0SEMZwxv4=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlRgRdFt24rGBboTMMmTRtQ5PMkNwRy1Dc+CpuXCji1qdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RyjCO36tW8qfAi+AVUUaFG5H4F3YRmkimgghjT8b0Uwpxo4FSwcSXIDEsJHZI+61hURDIT5tMVxvjYOl3cS7Q9CvDU/T2RE2nMSMa2UxIYmPnaxPyv1smgdxHmXKUZMEVnD/UygSHBkzxwl2tGQYwsEKq5/SumA6IJBZtaxYbgz6+8CK3Tmm/55qxavyziKKNDdIROkI/OUR1dowZqIooe0TN6RW/Ok/PivDsfs9aSU8zsoz9yPn8A3k2WcQ==</latexit><latexit sha1_base64="6UI28oY6gpwZogtsrT0SEMZwxv4=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlRgRdFt24rGBboTMMmTRtQ5PMkNwRy1Dc+CpuXCji1qdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RyjCO36tW8qfAi+AVUUaFG5H4F3YRmkimgghjT8b0Uwpxo4FSwcSXIDEsJHZI+61hURDIT5tMVxvjYOl3cS7Q9CvDU/T2RE2nMSMa2UxIYmPnaxPyv1smgdxHmXKUZMEVnD/UygSHBkzxwl2tGQYwsEKq5/SumA6IJBZtaxYbgz6+8CK3Tmm/55qxavyziKKNDdIROkI/OUR1dowZqIooe0TN6RW/Ok/PivDsfs9aSU8zsoz9yPn8A3k2WcQ==</latexit>

c⌧+ ⇠ 200 µm
<latexit sha1_base64="yLFf4r0YBmsTgnvwumK/7Gc0XCM=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEoSRF0WXTjsoK9QBPCZDpph85MwlyEEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+OGNUac/7dkorq2vrG+XNytb2zu6eu3/QVqmRmLRwylLZjZEijArS0lQz0s0kQTxmpBOPbqb1zgORiqbiXo8zEnI0EDShGGlrRe4RhoFGJjqHgaIc1j0vgAE3kEdu1at5M8Fl8AuogkLNyP0K+ik2nAiNGVKq53uZDnMkNcWMTCqBUSRDeIQGpGdRIE5UmM8umMBT6/Rhkkr7hIYz9/dEjrhSYx7bTo70UC3WpuZ/tZ7RyVWYU5EZTQSeL0oMgzqF0zhgn0qCNRtbQFhS+1eIh0girG1oFRuCv3jyMrTrNd/y3UW1cV3EUQbH4AScAR9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/kfP4AmySVDA==</latexit><latexit sha1_base64="yLFf4r0YBmsTgnvwumK/7Gc0XCM=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEoSRF0WXTjsoK9QBPCZDpph85MwlyEEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+OGNUac/7dkorq2vrG+XNytb2zu6eu3/QVqmRmLRwylLZjZEijArS0lQz0s0kQTxmpBOPbqb1zgORiqbiXo8zEnI0EDShGGlrRe4RhoFGJjqHgaIc1j0vgAE3kEdu1at5M8Fl8AuogkLNyP0K+ik2nAiNGVKq53uZDnMkNcWMTCqBUSRDeIQGpGdRIE5UmM8umMBT6/Rhkkr7hIYz9/dEjrhSYx7bTo70UC3WpuZ/tZ7RyVWYU5EZTQSeL0oMgzqF0zhgn0qCNRtbQFhS+1eIh0girG1oFRuCv3jyMrTrNd/y3UW1cV3EUQbH4AScAR9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/kfP4AmySVDA==</latexit><latexit sha1_base64="yLFf4r0YBmsTgnvwumK/7Gc0XCM=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEoSRF0WXTjsoK9QBPCZDpph85MwlyEEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+OGNUac/7dkorq2vrG+XNytb2zu6eu3/QVqmRmLRwylLZjZEijArS0lQz0s0kQTxmpBOPbqb1zgORiqbiXo8zEnI0EDShGGlrRe4RhoFGJjqHgaIc1j0vgAE3kEdu1at5M8Fl8AuogkLNyP0K+ik2nAiNGVKq53uZDnMkNcWMTCqBUSRDeIQGpGdRIE5UmM8umMBT6/Rhkkr7hIYz9/dEjrhSYx7bTo70UC3WpuZ/tZ7RyVWYU5EZTQSeL0oMgzqF0zhgn0qCNRtbQFhS+1eIh0girG1oFRuCv3jyMrTrNd/y3UW1cV3EUQbH4AScAR9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/kfP4AmySVDA==</latexit><latexit sha1_base64="yLFf4r0YBmsTgnvwumK/7Gc0XCM=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEoSRF0WXTjsoK9QBPCZDpph85MwlyEEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+OGNUac/7dkorq2vrG+XNytb2zu6eu3/QVqmRmLRwylLZjZEijArS0lQz0s0kQTxmpBOPbqb1zgORiqbiXo8zEnI0EDShGGlrRe4RhoFGJjqHgaIc1j0vgAE3kEdu1at5M8Fl8AuogkLNyP0K+ik2nAiNGVKq53uZDnMkNcWMTCqBUSRDeIQGpGdRIE5UmM8umMBT6/Rhkkr7hIYz9/dEjrhSYx7bTo70UC3WpuZ/tZ7RyVWYU5EZTQSeL0oMgzqF0zhgn0qCNRtbQFhS+1eIh0girG1oFRuCv3jyMrTrNd/y3UW1cV3EUQbH4AScAR9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/kfP4AmySVDA==</latexit>



Going to the mass basis: two cases

Scalar scenario Pseudo-scalar scenario

In both scenarios 

with



Disappearing charged tracks

100 200 300 400 500 600 700
 [GeV]±

1
χ∼

m
0.01

0.02
0.03
0.04

0.1

0.2
0.3
0.4

1

2
3
4

10

 [n
s]

± 1
χ∼τ

 )theoryσ1 ±Observed 95% CL limit (
 )expσ1 ±Expected 95% CL limit (

, EW prod. Obs.)-1ATLAS (8 TeV, 20.3 fb
Theory (Phys. Lett. B721 (2013) 252)
ALEPH (Phys. Lett. B533 (2002) 223)

ATLAS
-1=13TeV, 36.1 fbs

 > 0µ = 5, βtan production

±

1
χ∼

±

1
χ∼, 0

1
χ∼ ±

1
χ∼

ATLAS Simulation

�+

�0
1

~ �+
1

~

ATLAS [1712.02118]

Charged mediator leaves track in the inner detector 
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Scalar vs. Pseudo-scalar decay rates

� = ✓2G2
F�Mx ⇥ PS

<latexit sha1_base64="kHSAv7JzmvwxBzdPOBF+FSD6Ggg="></latexit><latexit sha1_base64="kHSAv7JzmvwxBzdPOBF+FSD6Ggg="></latexit><latexit sha1_base64="kHSAv7JzmvwxBzdPOBF+FSD6Ggg="></latexit><latexit sha1_base64="kHSAv7JzmvwxBzdPOBF+FSD6Ggg="></latexit>

�M5 (3-body) or f2
⇡�M3 (2-body)

<latexit sha1_base64="OF5tTLm7kIg+j7vpgynQt2s6Ck0="></latexit><latexit sha1_base64="OF5tTLm7kIg+j7vpgynQt2s6Ck0="></latexit><latexit sha1_base64="OF5tTLm7kIg+j7vpgynQt2s6Ck0="></latexit><latexit sha1_base64="OF5tTLm7kIg+j7vpgynQt2s6Ck0="></latexit>

�sc
h / �M5

hl

60
<latexit sha1_base64="GmzoCw0LblW+nlOCKhnyBSOeopQ="></latexit><latexit sha1_base64="GmzoCw0LblW+nlOCKhnyBSOeopQ="></latexit><latexit sha1_base64="GmzoCw0LblW+nlOCKhnyBSOeopQ="></latexit><latexit sha1_base64="GmzoCw0LblW+nlOCKhnyBSOeopQ="></latexit>

�ps-sc
h / �M7

hl

560
<latexit sha1_base64="ul5BQnlyiDi5a6WdGkN7M1ddpfw="></latexit><latexit sha1_base64="ul5BQnlyiDi5a6WdGkN7M1ddpfw="></latexit><latexit sha1_base64="ul5BQnlyiDi5a6WdGkN7M1ddpfw="></latexit><latexit sha1_base64="ul5BQnlyiDi5a6WdGkN7M1ddpfw="></latexit>

For small mass splittings:

�sc
+ / �M5

Cl

120
<latexit sha1_base64="6sIVXdHOrVdVwtZGoeo8ZwARHd4="></latexit><latexit sha1_base64="6sIVXdHOrVdVwtZGoeo8ZwARHd4="></latexit><latexit sha1_base64="6sIVXdHOrVdVwtZGoeo8ZwARHd4="></latexit><latexit sha1_base64="6sIVXdHOrVdVwtZGoeo8ZwARHd4="></latexit>

�ps-sc
+ / �M5

Cl

40
<latexit sha1_base64="wZixiMBsqAIKelHNrJWq1Uh4ZEA="></latexit><latexit sha1_base64="wZixiMBsqAIKelHNrJWq1Uh4ZEA="></latexit><latexit sha1_base64="wZixiMBsqAIKelHNrJWq1Uh4ZEA="></latexit><latexit sha1_base64="wZixiMBsqAIKelHNrJWq1Uh4ZEA="></latexit>

Example:


