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This talk

•  SM-singlet scalar     coupled through a Higgs portal
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• Assume      is invisible on detector scales (stable or long-lived due to symmetry,                      

or decays to invisible particles)
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• Focus on                                             , where production goes through  

off-shell Higgs and the two portals give different kinematic distributions
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m� > mh/2 = 62.5 GeV

or

• “Nightmare scenarios” for BSM physics. Well motivated, but generally difficult to test

[Ruhdorfer, Salvioni, Weiler 1910.04170]
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BSM motivations/1

 Renormalizable (or marginal) Higgs portal

Ennio Salvioni
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•     is DM (requires non-standard cosmology or extended models;  

minimal version ruled out by direct detection except above TeV or around Higgs resonance) 

•     is scalar top partner in neutral naturalness: SM singlet, but charged under  

hidden color. Effective coupling fixed to 

• Singlet assists a first-order electroweak phase transition. 

Large couplings are necessary 
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Huge literature. Recent review: [Arcadi, Djouadi, Raidal 1903.03616]

[Cheng, Li, Salvioni, Verhaaren 2018] 
[Cohen, Craig, Giudice, McCullough 2018]

Again, huge literature. For collider tests e.g. [Curtin, Meade, Yu 2014]
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BSM motivations/2

 Derivative Higgs portal

Ennio Salvioni

•     is a pseudo-Goldstone WIMP. Operator mediates s-wave annihilation to SM, 

but DM - nucleus scattering is strongly suppressed by momentum transfer
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(complex scalar DM)

Relic density  
contours

• Colliders are crucial probe of this scenario 

[Frigerio, Pomarol, Riva, Urbano 2012]

[Balkin, Ruhdorfer, Salvioni, Weiler 1809.09106] 
[Ruhdorfer, Salvioni, Weiler 1910.04170]
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BSM motivations/2

 Derivative Higgs portal

Ennio Salvioni

<latexit sha1_base64="uISk2nYqLPlOGDd1lnVma2Tr5H8="></latexit>

LBSM � cd

2f2
@µ(�

2)@µ(H†
H)

e . g . SO(6)/SO(5), SO(7)/SO(6), . . .

• Can arise in composite Higgs models with extended global symmetry patterns: 

both Higgs & DM as pNGBs with common decay constant  
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• Also realized by adding complex scalar to SM, with  broken by mass termU(1)

integrate out radial mode
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•     is a pseudo-Goldstone WIMP. Operator mediates s-wave annihilation to SM, 

but DM - nucleus scattering is strongly suppressed by momentum transfer
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[Barger et al. 2008, 2010] 
[Gross, Lebedev, Toma 2017] 4



Invisible singlets at HELCs

• Focus on VBF, which dominates over  ass. prod. for  

• WW  fusion gives completely invisible final state, so rely on ZZ

Zh s ≳ 1 TeV

Ennio Salvioni
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`

<latexit sha1_base64="/XCDojSbF2oplvqDi1ZO5aL2K/U=">AAAB/nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuCG5cV7APaoWTSTCc0kwxJRixDwS9wq1/gTtz6K36A/2GmnYVtPRA4nHMv9+QECWfauO63U1pb39jcKm9Xdnb39g+qh0dtLVNFaItILlU3wJpyJmjLMMNpN1EUxwGnnWB8m/udR6o0k+LBTBLqx3gkWMgINrnUTyI2qNbcujsDWiVeQWpQoDmo/vSHkqQxFYZwrHXPcxPjZ1gZRjidVvqppgkmYzyiPUsFjqn2s1nWKTqzyhCFUtknDJqpfzcyHGs9iQM7GWMT6WUvF//zeqkJb/yMiSQ1VJD5oTDlyEiUfxwNmaLE8IklmChmsyISYYWJsfUsXHmaR7W9eMstrJL2Rd27qrv3l7XGZdFQGU7gFM7Bg2towB00oQUEIniBV3hznp1358P5nI+WnGLnGBbgfP0CwdSWqw==</latexit>

�

<latexit sha1_base64="/XCDojSbF2oplvqDi1ZO5aL2K/U=">AAAB/nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuCG5cV7APaoWTSTCc0kwxJRixDwS9wq1/gTtz6K36A/2GmnYVtPRA4nHMv9+QECWfauO63U1pb39jcKm9Xdnb39g+qh0dtLVNFaItILlU3wJpyJmjLMMNpN1EUxwGnnWB8m/udR6o0k+LBTBLqx3gkWMgINrnUTyI2qNbcujsDWiVeQWpQoDmo/vSHkqQxFYZwrHXPcxPjZ1gZRjidVvqppgkmYzyiPUsFjqn2s1nWKTqzyhCFUtknDJqpfzcyHGs9iQM7GWMT6WUvF//zeqkJb/yMiSQ1VJD5oTDlyEiUfxwNmaLE8IklmChmsyISYYWJsfUsXHmaR7W9eMstrJL2Rd27qrv3l7XGZdFQGU7gFM7Bg2towB00oQUEIniBV3hznp1358P5nI+WnGLnGBbgfP0CwdSWqw==</latexit>

�

( ̂s ≫ m2
V)
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Invisible singlets at HELCs

• Focus on VBF, which dominates over  ass. prod. for  

• WW  fusion gives completely invisible final state, so rely on ZZ

Zh s ≳ 1 TeV

Ennio Salvioni

h⇤
<latexit sha1_base64="a/JDAMYekN2bfj2xpppK46dwzzs=">AAAB73icbVDLTgJBEOzFF+IL9ehlIph4IruYqEcSLx4xkUcCK5kdZmHC7Ow602tCCD/hxYPGePV3vPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2J1j+OE+xEdKBEKRtFK7fLwoUsNlnvFkltx5yCrxMtICTLUe8Wvbj9macQVMkmN6Xhugv6EahRM8mmhmxqeUDaiA96xVNGIG38yv3dKzqzSJ2GsbSkkc/X3xIRGxoyjwHZGFIdm2ZuJ/3mdFMNrfyJUkiJXbLEoTCXBmMyeJ32hOUM5toQyLeythA2ppgxtRAUbgrf88ippViveRaV6Vy3VLrM48nACp3AOHlxBDW6hDg1gIOEZXuHNeXRenHfnY9Gac7KZY/gD5/MHTxOPcg==</latexit>

<latexit sha1_base64="XoAWp090sC0taRrHfhfdNbOObQY=">AAAB/nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuCG5cV7APaoWTSO21oJjMkGbEMBb/ArX6BO3Hrr/gB/odpOwvbeiBwOOde7skJEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD4+aOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjdTv3WIyrNY/lgxgn6ER1IHnJGzVTqohC9csWtujOQVeLlpAI56r3yT7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofazWdYJObNKn4Sxsk8aMlP/bmQ00nocBXYyomaol72p+J/XSU1442dcJqlByeaHwlQQE5Ppx0mfK2RGjC2hTHGblbAhVZQZW8/Clad5VNuLt9zCKmleVL2rqnt/Wald5g0V4QRO4Rw8uIYa3EEdGsBgCC/wCm/Os/PufDif89GCk+8cwwKcr1+7Zpan</latexit>

`

<latexit sha1_base64="XoAWp090sC0taRrHfhfdNbOObQY=">AAAB/nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuCG5cV7APaoWTSO21oJjMkGbEMBb/ArX6BO3Hrr/gB/odpOwvbeiBwOOde7skJEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD4+aOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjdTv3WIyrNY/lgxgn6ER1IHnJGzVTqohC9csWtujOQVeLlpAI56r3yT7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofazWdYJObNKn4Sxsk8aMlP/bmQ00nocBXYyomaol72p+J/XSU1442dcJqlByeaHwlQQE5Ppx0mfK2RGjC2hTHGblbAhVZQZW8/Clad5VNuLt9zCKmleVL2rqnt/Wald5g0V4QRO4Rw8uIYa3EEdGsBgCC/wCm/Os/PufDif89GCk+8cwwKcr1+7Zpan</latexit>

`

<latexit sha1_base64="5JaN+Qjjjtr+fd4wzLmHMPkO+R4=">AAAB+3icbVDLTgIxFL2DL8QX6tJNIzFxRWYMRpckblxCIo8IE9Ipd6Ch05m0HSMhfIFb/QJ3xq0f4wf4HxaYhYAnaXJyzr25pydIBNfGdb+d3Mbm1vZOfrewt39weFQ8PmnqOFUMGywWsWoHVKPgEhuGG4HtRCGNAoGtYHQ381tPqDSP5YMZJ+hHdCB5yBk1Vqo/9oolt+zOQdaJl5ESZKj1ij/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5kHnZILq/RJGCv7pCFz9e/GhEZaj6PATkbUDPWqNxP/8zqpCW/9CZdJalCyxaEwFcTEZPZr0ucKmRFjSyhT3GYlbEgVZcZ2s3TleRHV9uKttrBOmldl77rs1iulaiVrKA9ncA6X4MENVOEeatAABggv8ApvztR5dz6cz8Vozsl2TmEJztcvTuqVSg==</latexit>

Z

<latexit sha1_base64="5JaN+Qjjjtr+fd4wzLmHMPkO+R4=">AAAB+3icbVDLTgIxFL2DL8QX6tJNIzFxRWYMRpckblxCIo8IE9Ipd6Ch05m0HSMhfIFb/QJ3xq0f4wf4HxaYhYAnaXJyzr25pydIBNfGdb+d3Mbm1vZOfrewt39weFQ8PmnqOFUMGywWsWoHVKPgEhuGG4HtRCGNAoGtYHQ381tPqDSP5YMZJ+hHdCB5yBk1Vqo/9oolt+zOQdaJl5ESZKj1ij/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5kHnZILq/RJGCv7pCFz9e/GhEZaj6PATkbUDPWqNxP/8zqpCW/9CZdJalCyxaEwFcTEZPZr0ucKmRFjSyhT3GYlbEgVZcZ2s3TleRHV9uKttrBOmldl77rs1iulaiVrKA9ncA6X4MENVOEeatAABggv8ApvztR5dz6cz8Vozsl2TmEJztcvTuqVSg==</latexit>

Z

<latexit sha1_base64="XoAWp090sC0taRrHfhfdNbOObQY=">AAAB/nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuCG5cV7APaoWTSO21oJjMkGbEMBb/ArX6BO3Hrr/gB/odpOwvbeiBwOOde7skJEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD4+aOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjdTv3WIyrNY/lgxgn6ER1IHnJGzVTqohC9csWtujOQVeLlpAI56r3yT7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofazWdYJObNKn4Sxsk8aMlP/bmQ00nocBXYyomaol72p+J/XSU1442dcJqlByeaHwlQQE5Ppx0mfK2RGjC2hTHGblbAhVZQZW8/Clad5VNuLt9zCKmleVL2rqnt/Wald5g0V4QRO4Rw8uIYa3EEdGsBgCC/wCm/Os/PufDif89GCk+8cwwKcr1+7Zpan</latexit>

`

<latexit sha1_base64="XoAWp090sC0taRrHfhfdNbOObQY=">AAAB/nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuCG5cV7APaoWTSO21oJjMkGbEMBb/ArX6BO3Hrr/gB/odpOwvbeiBwOOde7skJEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD4+aOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjdTv3WIyrNY/lgxgn6ER1IHnJGzVTqohC9csWtujOQVeLlpAI56r3yT7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofazWdYJObNKn4Sxsk8aMlP/bmQ00nocBXYyomaol72p+J/XSU1442dcJqlByeaHwlQQE5Ppx0mfK2RGjC2hTHGblbAhVZQZW8/Clad5VNuLt9zCKmleVL2rqnt/Wald5g0V4QRO4Rw8uIYa3EEdGsBgCC/wCm/Os/PufDif89GCk+8cwwKcr1+7Zpan</latexit>

`

<latexit sha1_base64="/XCDojSbF2oplvqDi1ZO5aL2K/U=">AAAB/nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuCG5cV7APaoWTSTCc0kwxJRixDwS9wq1/gTtz6K36A/2GmnYVtPRA4nHMv9+QECWfauO63U1pb39jcKm9Xdnb39g+qh0dtLVNFaItILlU3wJpyJmjLMMNpN1EUxwGnnWB8m/udR6o0k+LBTBLqx3gkWMgINrnUTyI2qNbcujsDWiVeQWpQoDmo/vSHkqQxFYZwrHXPcxPjZ1gZRjidVvqppgkmYzyiPUsFjqn2s1nWKTqzyhCFUtknDJqpfzcyHGs9iQM7GWMT6WUvF//zeqkJb/yMiSQ1VJD5oTDlyEiUfxwNmaLE8IklmChmsyISYYWJsfUsXHmaR7W9eMstrJL2Rd27qrv3l7XGZdFQGU7gFM7Bg2towB00oQUEIniBV3hznp1358P5nI+WnGLnGBbgfP0CwdSWqw==</latexit>

�

<latexit sha1_base64="/XCDojSbF2oplvqDi1ZO5aL2K/U=">AAAB/nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuCG5cV7APaoWTSTCc0kwxJRixDwS9wq1/gTtz6K36A/2GmnYVtPRA4nHMv9+QECWfauO63U1pb39jcKm9Xdnb39g+qh0dtLVNFaItILlU3wJpyJmjLMMNpN1EUxwGnnWB8m/udR6o0k+LBTBLqx3gkWMgINrnUTyI2qNbcujsDWiVeQWpQoDmo/vSHkqQxFYZwrHXPcxPjZ1gZRjidVvqppgkmYzyiPUsFjqn2s1nWKTqzyhCFUtknDJqpfzcyHGs9iQM7GWMT6WUvF//zeqkJb/yMiSQ1VJD5oTDlyEiUfxwNmaLE8IklmChmsyISYYWJsfUsXHmaR7W9eMstrJL2Rd27qrv3l7XGZdFQGU7gFM7Bg2towB00oQUEIniBV3hznp1358P5nI+WnGLnGBbgfP0CwdSWqw==</latexit>

�

( ̂s ≫ m2
V)

� / s
f4

<latexit sha1_base64="ny6KZ4LoASw6L7eEpUjtr+2hUOc="></latexit><latexit sha1_base64="ny6KZ4LoASw6L7eEpUjtr+2hUOc="></latexit><latexit sha1_base64="ny6KZ4LoASw6L7eEpUjtr+2hUOc="></latexit><latexit sha1_base64="ny6KZ4LoASw6L7eEpUjtr+2hUOc="></latexit>

1
f2 @µ|H|2@µ|�|2

<latexit sha1_base64="YX6opem4bgOGyBNaJCQLoitSvuc="></latexit><latexit sha1_base64="YX6opem4bgOGyBNaJCQLoitSvuc="></latexit><latexit sha1_base64="YX6opem4bgOGyBNaJCQLoitSvuc="></latexit><latexit sha1_base64="YX6opem4bgOGyBNaJCQLoitSvuc="></latexit>

�|H|2|�|2
<latexit sha1_base64="L2rSnxEe54qr22jpJI5GtM4YKAw=">AAACLXicbZC7TsMwFIadcivlFmBksWiRGFCVdIGxEkvHItGL1ITKcZzWquNEtlNRpX0BXgZWeA8GJMTKzhPgphloy5EsfTo+/69zfi9mVCrL+jAKG5tb2zvF3dLe/sHhkXl80pZRIjBp4YhFoushSRjlpKWoYqQbC4JCj5GON7qd/3fGREga8Xs1iYkbogGnAcVI6VbfrFSczCQVxJ9Bh2mlj+C0MX2owamDh1RDpW+WraqVFVwHO4cyyKvZN38cP8JJSLjCDEnZs61YuSkSimJGZiUnkSRGeIQGpKeRo5BIN80WmcEL3fFhEAn9uIJZ968iRaGUk9DTkyFSQ7nk5o9pLHO/x4XhqnYu+lebqODGTSmPE0U4XiwSJAyqCM6jgz4VBCs20YCwoPoWiIdIIKx0wCUdkr0ayTq0a1Vb812tXL/K4yqCM3AOLoENrkEdNEATtAAGT+AFvII349l4Nz6Nr8Vowcg1p2CpjO9fLxCotg==</latexit><latexit sha1_base64="L2rSnxEe54qr22jpJI5GtM4YKAw=">AAACLXicbZC7TsMwFIadcivlFmBksWiRGFCVdIGxEkvHItGL1ITKcZzWquNEtlNRpX0BXgZWeA8GJMTKzhPgphloy5EsfTo+/69zfi9mVCrL+jAKG5tb2zvF3dLe/sHhkXl80pZRIjBp4YhFoushSRjlpKWoYqQbC4JCj5GON7qd/3fGREga8Xs1iYkbogGnAcVI6VbfrFSczCQVxJ9Bh2mlj+C0MX2owamDh1RDpW+WraqVFVwHO4cyyKvZN38cP8JJSLjCDEnZs61YuSkSimJGZiUnkSRGeIQGpKeRo5BIN80WmcEL3fFhEAn9uIJZ968iRaGUk9DTkyFSQ7nk5o9pLHO/x4XhqnYu+lebqODGTSmPE0U4XiwSJAyqCM6jgz4VBCs20YCwoPoWiIdIIKx0wCUdkr0ayTq0a1Vb812tXL/K4yqCM3AOLoENrkEdNEATtAAGT+AFvII349l4Nz6Nr8Vowcg1p2CpjO9fLxCotg==</latexit><latexit sha1_base64="L2rSnxEe54qr22jpJI5GtM4YKAw=">AAACLXicbZC7TsMwFIadcivlFmBksWiRGFCVdIGxEkvHItGL1ITKcZzWquNEtlNRpX0BXgZWeA8GJMTKzhPgphloy5EsfTo+/69zfi9mVCrL+jAKG5tb2zvF3dLe/sHhkXl80pZRIjBp4YhFoushSRjlpKWoYqQbC4JCj5GON7qd/3fGREga8Xs1iYkbogGnAcVI6VbfrFSczCQVxJ9Bh2mlj+C0MX2owamDh1RDpW+WraqVFVwHO4cyyKvZN38cP8JJSLjCDEnZs61YuSkSimJGZiUnkSRGeIQGpKeRo5BIN80WmcEL3fFhEAn9uIJZ968iRaGUk9DTkyFSQ7nk5o9pLHO/x4XhqnYu+lebqODGTSmPE0U4XiwSJAyqCM6jgz4VBCs20YCwoPoWiIdIIKx0wCUdkr0ayTq0a1Vb812tXL/K4yqCM3AOLoENrkEdNEATtAAGT+AFvII349l4Nz6Nr8Vowcg1p2CpjO9fLxCotg==</latexit><latexit sha1_base64="L2rSnxEe54qr22jpJI5GtM4YKAw=">AAACLXicbZC7TsMwFIadcivlFmBksWiRGFCVdIGxEkvHItGL1ITKcZzWquNEtlNRpX0BXgZWeA8GJMTKzhPgphloy5EsfTo+/69zfi9mVCrL+jAKG5tb2zvF3dLe/sHhkXl80pZRIjBp4YhFoushSRjlpKWoYqQbC4JCj5GON7qd/3fGREga8Xs1iYkbogGnAcVI6VbfrFSczCQVxJ9Bh2mlj+C0MX2owamDh1RDpW+WraqVFVwHO4cyyKvZN38cP8JJSLjCDEnZs61YuSkSimJGZiUnkSRGeIQGpKeRo5BIN80WmcEL3fFhEAn9uIJZ968iRaGUk9DTkyFSQ7nk5o9pLHO/x4XhqnYu+lebqODGTSmPE0U4XiwSJAyqCM6jgz4VBCs20YCwoPoWiIdIIKx0wCUdkr0ayTq0a1Vb812tXL/K4yqCM3AOLoENrkEdNEATtAAGT+AFvII349l4Nz6Nr8Vowcg1p2CpjO9fLxCotg==</latexit>

<latexit sha1_base64="+LJfdJa25PioPEeLf39l/128BvA="></latexit>

� / �2

m2
�

log(s/m2
�)

• After integration over parton luminosity

<latexit sha1_base64="NSVY7+ppNvveCpTEZdyb8RyEPY0=">AAACIXicbVDLSsNAFJ34rPUVdelmsAgVJCSiWHBTcOOygn1AEspkOmmHziRhZiKU0F9x46+4caFId+LPOEkjaOuBC4dz7uXee4KEUals+9NYWV1b39isbFW3d3b39s2Dw46MU4FJG8csFr0AScJoRNqKKkZ6iSCIB4x0g/Ft7ncfiZA0jh7UJCE+R8OIhhQjpaW+2fAkHXJU9whjeUFPxdBLRrSoc/ijn3k30PU4UiPBszCY+n2zZlt2AbhMnJLUQIlW35x5gxinnEQKMySl69iJ8jMkFMWMTKteKkmC8BgNiatphDiRflZ8OIWnWhnAMBa6IgUL9fdEhriUEx7ozvxGuejl4n+em6qw4Wc0SlJFIjxfFKYM6hTyuOCACoIVm2iCsKD6VohHSCCsdKhVHYKz+PIy6VxYzpVl31/WmlYZRwUcgxNQBw64Bk1wB1qgDTB4Ai/gDbwbz8ar8WHM5q0rRjlzBP7A+PoGCmujYg==</latexit> �
(`
`
!

�
�
``
)
[f
b
]

<latexit sha1_base64="ywqWCO9Az+tcoPVF5wjsdwdvgs0=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiSiKLgpuHFZoS9IQplMJ+3QmUmcmQglBDf+ihsXirj1K9z5N07aLLT1wIXDOfdy7z1hwqjSjvNtLS2vrK6tVzaqm1vbO7v23n5HxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XB8U/jdByIVjUVLTxIScDQUNKIYaSP17UNf3UudqRz6157PkR5JnrVIJw/6ds2pO1PAReKWpAZKNPv2lz+IccqJ0JghpTzXSXSQIakpZiSv+qkiCcJjNCSeoQJxooJs+kIOT4wygFEsTQkNp+rviQxxpSY8NJ3FkWreK8T/PC/V0VWQUZGkmgg8WxSlDOoYFnnAAZUEazYxBGFJza0Qj5BEWJvUqiYEd/7lRdI5q7sXdefuvNZwyzgq4Agcg1PggkvQALegCdoAg0fwDF7Bm/VkvVjv1sesdckqZw7AH1ifP598l4Q=</latexit>p
s [TeV]

( ̂s ≫ m2
h )

very different scaling with 
 and s mϕ
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[Buttazzo et al. 2018] 
[Chacko, Cui, Hong 2013] 
[Kanemura et al. 2011]



Invisible singlets at the muon collider

• Parton-level analysis with MG5_aMC@NLO 

Neglect ISR 

• Dominant background is 

• Kinematic variables: 

Ennio Salvioni

<latexit sha1_base64="iBNUnjLCdAf2Di4uXUoPxzjdrpU=">AAACCXicbVC7SgNBFL3rM8bXqqXNYBAsJOxKRMuAjWUE84DsEmYns8mQ2dllHkJY0tr4KzYWitj6B3b+jZNkC028zHAP59zLzDlRxpnSnvftrKyurW9slrbK2zu7e/vuwWFLpUYS2iQpT2UnwopyJmhTM81pJ5MUJxGn7Wh0M9XbD1Qqlop7Pc5omOCBYDEjWFuq56IgMfagQKcIBcIEEZa57ZPgfK703IpX9WaFloFfgAoU1ei5X0E/JSahQhOOler6XqbDHEvNCKeTcmAUzTAZ4QHtWihwQlWYz5xM0Kll+ihOpb1Coxn7eyPHiVLjJLKTCdZDtahNyf+0rtHxdZgzkRlNBZk/FBuOrO1pLKjPJCWajy3ARDL7V0SGWGKibXhlG4K/aHkZtC6q/mXVu6tV6rUijhIcwwmcgQ9XUIdbaEATCDzCM7zCm/PkvDjvzsd8dMUpdo7gTzmfP0Vtmgc=</latexit>

µµ ! ⌫⌫̄ µµ
<latexit sha1_base64="YoQ3yQn5nCA48+30UCaOHFsus7U="></latexit>

Mµµ, MIM, �⌘µµ, /ET
<latexit sha1_base64="hS0WmGBnQbwAXT3OJJIFtKfQw3c=">AAACF3icbVDLSsNAFJ34rPUVdaebwSK4KolWFEQouHFZoS9oQplMb9qhk4czE6GEgr/hD7jVP3Anbl36A36HkzYL23rgwuGce7n3Hi/mTCrL+jaWlldW19YLG8XNre2dXXNvvymjRFBo0IhHou0RCZyF0FBMcWjHAkjgcWh5w9vMbz2CkCwK62oUgxuQfsh8RonSUtc8dOSDUKkc4xt87lw7AVEDEaR1aI67ZskqWxPgRWLnpIRy1Lrmj9OLaBJAqCgnUnZsK1ZuSoRilMO46CQSYkKHpA8dTUMSgHTTyQ9jfKKVHvYjoStUeKL+nUhJIOUo8HRndqOc9zLxP6+TKP/KTVkYJwpCOl3kJxyrCGeB4B4TQBUfaUKoYPpWTAdEEKp0bDNbpH5qAL0sGHs+hkXSPCvbF2XrvlKqVvKICugIHaNTZKNLVEV3qIYaiKIn9IJe0ZvxbLwbH8bntHXJyGcO0AyMr1+P+KAy</latexit>p
s = 3 TeV

<latexit sha1_base64="E43dxw4q72ZeeToZTE6VaUApK+o=">AAACBXicbVDLSgMxFM3UV62vqks3wSJ0VWZE0WXBjRuhgn1gO5RM5rYNTTJDkhHK0LU/4Fb/wJ249Tv8Ab/DTDsL23pI4HDOvdx7TxBzpo3rfjuFtfWNza3idmlnd2//oHx41NJRoig0acQj1QmIBs4kNA0zHDqxAiICDu1gfJP57SdQmkXywUxi8AUZSjZglBgrPd71055I7Jv2yxW35s6AV4mXkwrK0eiXf3phRBMB0lBOtO56bmz8lCjDKIdpqZdoiAkdkyF0LZVEgPbT2cZTfGaVEA8iZb80eKb+7UiJ0HoiAlspiBnpZS8T//O6iRlc+ymTcWJA0vmgQcKxiXB2Pg6ZAmr4xBJCFbO7YjoiilBjQ1qYou1RIwizYLzlGFZJ67zmXdbc+4tKvZpHVEQn6BRVkYeuUB3dogZqIookekGv6M15dt6dD+dzXlpw8p5jtADn6xdZrJmx</latexit>

Mµµ

<latexit sha1_base64="b4GwLBTafKEkIPoajxBGAmWoaNA=">AAACEHicbVDLSsNAFJ3UV62vaJdugkXoqiSi6LKgC5cV7AOaUCbT23bo5MHMjRBCf8IfcKt/4E7c+gf+gN/hpM3Cth5m4HDOvdx7jx8LrtC2v43SxubW9k55t7K3f3B4ZB6fdFSUSAZtFolI9nyqQPAQ2shRQC+WQANfQNef3uZ+9wmk4lH4iGkMXkDHIR9xRlFLA7Pq3oFA6gLSQeYGiX6zgVmzG/Yc1jpxClIjBVoD88cdRiwJIEQmqFJ9x47Ry6hEzgTMKm6iIKZsSsfQ1zSkASgvmy8/s861MrRGkdQ/RGuu/u3IaKBUGvi6MqA4UateLv7n9RMc3XgZD+MEIWSLQaNEWBhZeRLWkEtgKFJNKJNc72qxCZWUoc5raYrSR01gmAfjrMawTjoXDeeqYT9c1pr1IqIyOSVnpE4cck2a5J60SJswkpIX8krejGfj3fgwPhelJaPoqZIlGF+//wSdyw==</latexit>

�⌘µµ
<latexit sha1_base64="Fr5bmAGlNazCR9XzeF4BKWT7ois=">AAACB3icbVDLSsNAFJ3UV62vqks3g0XoqiSi6LLgRheFCvYBTSiTyU07dDIJMxOhhH6AP+BW/8CduPUz/AG/w0mbha0eGDiccy/3zPETzpS27S+rtLa+sblV3q7s7O7tH1QPj7oqTiWFDo15LPs+UcCZgI5mmkM/kUAin0PPn9zkfu8RpGKxeNDTBLyIjAQLGSXaSK4bET2WUda6a82G1ZrdsOfAf4lTkBoq0B5Wv90gpmkEQlNOlBo4dqK9jEjNKIdZxU0VJIROyAgGhgoSgfKyeeYZPjNKgMNYmic0nqu/NzISKTWNfDOZZ1SrXi7+5w1SHV57GRNJqkHQxaEw5VjHOC8AB0wC1XxqCKGSmayYjokkVJualq4o86kxBHkxzmoNf0n3vOFcNuz7i1qzXlRURifoFNWRg65QE92iNuogihL0jF7Qq/VkvVnv1sditGQVO8doCdbnD6vdmmU=</latexit>

MIM

• Dimuon invariant mass cut less effective for derivative portal; 

compensate with tighter cut on MIM
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Invisible singlets at the muon collider/2

• Generation level: 

Ennio Salvioni

<latexit sha1_base64="zgV4NSQLgykRJwpY/wqRDDdtih8="></latexit>

pµT > 10 GeV, |⌘µ| < 6, �Rµµ > 0.4
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Invisible singlets at the muon collider/3

• At higher CoM energy, muons become  

extremely forward

Ennio Salvioni

<latexit sha1_base64="kp8ccb4m9QrFiKTmfj6lJmwbOik=">AAACF3icbVDLSsNAFJ34rPVVdaebwSK4kJJIRUGEghuXFfqCppTJ5LYdOpPEmYlQQsDf8Afc6h+4E7cu/QG/w0nbhW09cOFwzr3ce48Xcaa0bX9bS8srq2vruY385tb2zm5hb7+hwlhSqNOQh7LlEQWcBVDXTHNoRRKI8Dg0veFt5jcfQSoWBjU9iqAjSD9gPUaJNlK3cOiqB6kTld5gp+xeu4LogRRJDRppt1C0S/YYeJE4U1JEU1S7hR/XD2ksINCUE6Xajh3pTkKkZpRDmndjBRGhQ9KHtqEBEaA6yfiHFJ8Yxce9UJoKNB6rfycSIpQaCc90ZjeqeS8T//Pase5ddRIWRLGGgE4W9WKOdYizQLDPJFDNR4YQKpm5FdMBkYRqE9vMFmWeGoCfBePMx7BIGucl56Jk35eLlbNpRDl0hI7RKXLQJaqgO1RFdUTRE3pBr+jNerberQ/rc9K6ZE1nDtAMrK9fq2qgPA==</latexit>p
s = 14 TeV

 would remove all signal|ημ | < 3
g* f /c1/2

d ≳ m(ϕϕ) > 2mϕ

EFT consistency:

Extending coverage for muons at high  is critical|η |

9



Toward a global picture

Ennio Salvioni

• At hadron colliders, VBF was shown to be better 
than mono-jet and  (for renormalizable portal)tt̄h

[Craig, Lou, McCullough, Thalapillil 2014]

[Ruhdorfer, Salvioni, Weiler 1910.04170]

• Stronger sensitivity to derivative portal (compared to marginal portal),  

due to harder kinematic distributions. Better background suppression
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Global picture: renormalizable portal

Ennio Salvioni

1%
 s

ys

Reach on scalar top partner masses:

note FCC 100 ~ CLIC 3
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Singlet assisting electroweak phase transition

Ennio Salvioni

Regions with first order EW PT taken from [Buttazzo, Redigolo, Sala, Tesi 1807.04743] 

(some analytical approximations, but region where EW baryogenesis can happen is within shaded areas)

*new*

[Curtin, Meade, Yu 2014]
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Global picture: derivative portal

Ennio Salvioni

Recall that DM relic density for    requires  mϕ > mh /2 f /c1/2
d ≳ 500 GeV

Only FCC-hh and a muon collider would truly test pNGB DM 

14 TeV  would probe up to μC mϕ ∼ 600 GeV

note FCC 100 ~  6μC

13



Supplementary material



On-shell invisible Higgs decays

On-shell sensitivity is not affected by type of portal 

BR(Higgs ! invisible) < 13% (95% CL)

<latexit sha1_base64="Af+hpD+M9m27ka5Jpsr7oWNsOLY="></latexit>

[ATLAS-CONF-2020-008]

*

* most recent bound:



Derivative vs marginal @ hadron colliders


