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New Paths for Electroweak 
Baryogenesis
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Electroweak Baryogenesis

2
h 6= 0

CP

First order EW phase transition proceeds through bubble nucleation:

Baryon asymmetry is created close to bubble walls: 

quarks (L
)

h = 0

EW sphalerons:

convert B into L at h/T<1

⇠ e�mW /T
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new physics responsible for CP violation and first-order 
phase transition is at a few 100 GeV scale 

good because testable, bad (for some models) because overconstrained
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new physics responsible for CP violation and first-order 
phase transition is far above 100 GeV scale 

new phenomenology
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EW SNR was first proposed ~2 years ago in:

with new light scalars

We showed how can be done with new fermions

Meade, Ramani, 1807.07578

Baldes, Servant, 1807.08770

Glioti, Rattazzi, Vecchi, 1811.11740

OM, Servant, 2020.05174
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Electroweak Symmetry Non-Restoration at High T



If h potential is induced by plasma of particles with h-dependent mass:
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Electroweak Symmetry Non-Restoration at High T



 Add     copies of new SM singlet Dirac fermionn N

      mass is minimized at large hN

mN (h) = m(0)
N � �Nh2/⇤ = 0
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h2 = m(0)
N ⇤/�N
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OM, Servant, 2020.05174



Phenomenology



7

New Pheno: Example

Usual way to get 1st order EW phase transition: add a new scalar S (eg dilaton)

V

S

h

0

only works if T < T of EW restoration

work in progress

Bruggisser,VonHarling,OM,Servant



7

New Pheno: Example

V

S

h

0

only works if T < T of EW restoration

otherwise

Usual way to get 1st order EW phase transition: add a new scalar S (eg dilaton)
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Bruggisser,VonHarling,OM,Servant
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New Pheno: Example

V

S

h

0

only works if T < T of EW restoration

S phase transition releases latent heat

T4 ∝ m2
S

⇒ for T restoration ~130 GeV

O(100 GeV)mS ≲

Usual way to get 1st order EW phase transition: add a new scalar S (eg dilaton)

work in progress

Bruggisser,VonHarling,OM,Servant
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New Pheno: Example

V

S

h

0

only works if T < T of EW restoration

S phase transition releases latent heat

T4 ∝ m2
S

⇒ for T restoration ~1 TeV

O(few TeV)mS ≲

work in progress

Bruggisser,VonHarling,OM,Servant

Usual way to get 1st order EW phase transition: add a new scalar S (eg dilaton)
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Are there scenarios where the new SNR states appear automatically?

Automatic SNR
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First suspect - Twin Higgs models 
 (Chacko et al, hep-ph/0506256)

Constructed to solve the Higgs mass naturalness problem.

Automatic SNR
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But also, twin states induce EW symmetry breaking minimum at high-T.

V (T )
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Are there scenarios where the new SNR states appear automatically?

The (anyway necessary) Twin symmetry breaking by light quarks and/or 
leptons can tip the balance to the non-restoration. 

First suspect - Twin Higgs models 
 (Chacko et al, hep-ph/0506256)

Constructed to solve the Higgs mass naturalness problem.

h

SM twin

But also, twin states induce EW symmetry breaking minimum at high-T.

V (T )

0

(OM, 2008.13725)

Automatic SNR



Thank you!



Backup slides



 Add     copies of new SM singlet Dirac fermionn N

      mass is minimized at large hN

 can't be done with renormalizeable interactions:

7

�Vh /
X
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m2
i = Tr[M†M] =

X

i,j

|Mij |2
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 in renorm. theories             are h-independent or linear in h|Mij |
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|Mij | = const21 + const22 h
2
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mN (h) = m(0)
N � �Nh2/⇤ = 0
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SNR with fermions



 minimal and “natural” SM deformation:  going to higher 

temperatures
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SNR with fermions
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SNR: Twin Higgs

proposed in Chacko,Goh,Harnic, hep-ph/0506256


provides a solution to the Higgs mass naturalness problem with 

no QCD-charged new physics up to ~10 TeV   

Assumes a twin sector - an approximate        copy of SM

Higgs is a pseudo-Nambu-Goldtone boson of a large symmetry, which 
accommodates both SM and Twin SU(2)L

spontaneous 

breaking

SU(4) SU(3)

SU(2)0L

SU(2)L

+ Higgs doublet + 3 other PNGB

Z2

example:



SNR: Twin Higgs

SM states couplings to the Higgs

Twin states couplings to the Higgs

/ sinh/f

/ cosh/f

h0

V (T )

SM twin

Quadratic divergences    in the Higgs mass cancel / ⇤2
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SM contribution

Twin contribution

no Higgs dependence

The EW symmetry-restoring high-T SM correction is also canceled (balanced)

The resulting position of the minimum 

depends on weak      breaking Z2

analyse which type of       can tilt 
high-T potential to SNR minimum

Z2

V ⇠ f2⇤2(sin2 h/f + cos2 h/f) = f2⇤2
<latexit sha1_base64="RVkIQA0kgn4dqjoiL/PpF1spzho=">AAACJ3icbVDLSgMxFM3UV62vUZdugkWoCHWmCrqxFNy4cFHBPqAzlkwm04ZmMkOSEcrQv3Hjr7gRVESX/olpOwvbeiHk5NxzuLnHixmVyrK+jdzS8srqWn69sLG5tb1j7u41ZZQITBo4YpFoe0gSRjlpKKoYaceCoNBjpOUNrsf91iMRkkb8Xg1j4oaox2lAMVKa6prVJnQkDWHwUIHOrfb5SKOS5ri++6cBPIEOjuT0cQyvZpVds2iVrUnBRWBnoAiyqnfNN8ePcBISrjBDUnZsK1ZuioSimJFRwUkkiREeoB7paMhRSKSbTvYcwSPN+DCIhD5cwQn715GiUMph6GlliFRfzvfG5H+9TqKCSzelPE4U4Xg6KEgYVBEchwZ9KghWbKgBwoLqv0LcRwJhpaMt6BDs+ZUXQbNSts/KlbvzYq2axZEHB+AQlIANLkAN3IA6aAAMnsALeAcfxrPxanwaX1Npzsg8+2CmjJ9fL3Ch0g==</latexit>

no contribution to the Higgs mass / ⇤2
<latexit sha1_base64="WalXnQvxz3TOgS0H4qazyUsOc/s=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsxUQVdScOPCRQX7gM5YMplMG5pJQpJRSu2nuHGhiFu/xJ1/Y9rOQlsPBA7n3EPuPZFkVBvP+3YKK6tr6xvFzdLW9s7unlveb2mRKUyaWDChOhHShFFOmoYaRjpSEZRGjLSj4dXUbz8Qpangd2YkSZiiPqcJxchYqeeWA6mENAIGNzYUo/taz614VW8GuEz8nFRAjkbP/QpigbOUcIMZ0rrre9KEY6QMxYxMSkGmiUR4iPqkaylHKdHheLb6BB5bJYaJUPZxA2fq78QYpVqP0shOpsgM9KI3Ff/zuplJLsIx5TIzhOP5R0nGoD112gOMqSLYsJElCCtqd4V4gBTCxrZVsiX4iycvk1at6p9Wa7dnlfplXkcRHIIjcAJ8cA7q4Bo0QBNg8AiewSt4c56cF+fd+ZiPFpw8cwD+wPn8AboOk6I=</latexit>



SNR: Twin Higgs

Sources of 

h0

V (T )

SM twin

necessarily broken in the light fermion sector:

This also spoils the cancellation of T=0 quadratic divergences 

to the Higgs mass:

Z2

eg twin neutrinos cannot be light.

simplest realisation: larger Yukawas      for light twin fermions

�̃q f q̄q cosh/f
<latexit sha1_base64="z8Gu/TG4AbeKhRKgjsMYd/IpkUY=">AAACEnicbVDNS8MwHE3n15xfVY9egkNQkNlOQU8y8OJxgvuAtZQ0TbewNO2SVBhlf4MX/xUvHhTx6smb/43p1oNuPgi8vPd7JL/nJ4xKZVnfRmlpeWV1rbxe2djc2t4xd/faMk4FJi0cs1h0fSQJo5y0FFWMdBNBUOQz0vGHN7nfeSBC0pjfq3FC3Aj1OQ0pRkpLnnniKMoCAh2mMwHyRtA5hSF0fCTgCOY3B8cSDs5Cz6xaNWsKuEjsglRBgaZnfjlBjNOIcIUZkrJnW4lyMyQUxYxMKk4qSYLwEPVJT1OOIiLdbLrSBB5pJYBhLPThCk7V34kMRVKOI19PRkgN5LyXi/95vVSFV25GeZIqwvHsoTBlUMUw7wcGVBCs2FgThAXVf4V4gATCSrdY0SXY8ysvkna9Zp/X6ncX1cZ1UUcZHIBDcAxscAka4BY0QQtg8AiewSt4M56MF+Pd+JiNlowisw/+wPj8AQmAm8c=</latexit>

�m2
h ⇠ (�̃2

q/16⇡
2)⇤2

<latexit sha1_base64="E5+OzIcEN3XSooisFy2ywWxjWEs="></latexit>

take a lower cutoff    in 
the twin light quark 

sector
)

<latexit sha1_base64="dixsYHLAjFYisYbar5TyuF9kEes=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx6r2A9IQ9lsN+3STTbsTpRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MJXCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaVSmGW8wJZVuh9RwKRLeQIGSt1PNaRxK3gqHN1O/9ci1ESp5wFHKg5j2ExEJRtFKfude9AdItVZP3VLZrbgzkGXi5aQMOerd0lenp1gW8wSZpMb4nptiMKYaBZN8UuxkhqeUDWmf+5YmNOYmGM9OnpBTq/RIpLStBMlM/T0xprExozi0nTHFgVn0puJ/np9hdBWMRZJmyBM2XxRlkqAi0/9JT2jOUI4soUwLeythA6opQ5tS0YbgLb68TJrVindeqd5dlGvXeRwFOIYTOAMPLqEGt1CHBjBQ8Ayv8Oag8+K8Ox/z1hUnnzmCP3A+fwCRNZFt</latexit>

)
<latexit sha1_base64="dixsYHLAjFYisYbar5TyuF9kEes=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx6r2A9IQ9lsN+3STTbsTpRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MJXCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaVSmGW8wJZVuh9RwKRLeQIGSt1PNaRxK3gqHN1O/9ci1ESp5wFHKg5j2ExEJRtFKfude9AdItVZP3VLZrbgzkGXi5aQMOerd0lenp1gW8wSZpMb4nptiMKYaBZN8UuxkhqeUDWmf+5YmNOYmGM9OnpBTq/RIpLStBMlM/T0xprExozi0nTHFgVn0puJ/np9hdBWMRZJmyBM2XxRlkqAi0/9JT2jOUI4soUwLeythA6opQ5tS0YbgLb68TJrVindeqd5dlGvXeRwFOIYTOAMPLqEGt1CHBjBQ8Ayv8Oag8+K8Ox/z1hUnnzmCP3A+fwCRNZFt</latexit>

light twin partners

(no SM QCD charge)

�̃q
<latexit sha1_base64="YiIN1s2++MYbAvAG4DIqRnUaNF8=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAiuSlIFXUnBjcsK9gFNCJPJTTt0Mokzk0IJ/RM3LhRx65+482+ctllo64GBwzn3cO+cMONMacf5ttbWNza3tis71d29/YND++i4o9JcUmjTlKeyFxIFnAloa6Y59DIJJAk5dMPR3czvjkEqlopHPcnAT8hAsJhRoo0U2LanGY8Ae9xkIhI8BXbNqTtz4FXilqSGSrQC+8uLUponIDTlRKm+62TaL4jUjHKYVr1cQUboiAygb6ggCSi/mF8+xedGiXCcSvOExnP1d6IgiVKTJDSTCdFDtezNxP+8fq7jG79gIss1CLpYFOcc6xTPasARk0A1nxhCqGTmVkyHRBKqTVlVU4K7/OVV0mnU3ct64+Gq1rwt66igU3SGLpCLrlET3aMWaiOKxugZvaI3q7BerHfrYzG6ZpWZE/QH1ucPQaSTZg==</latexit>

⇤
<latexit sha1_base64="z500sNTyES4Y1jlc0QaP/WCycXw=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrtR0EoCNhYWEcwDkiXMzs4mQ2Znl5m7Qgj5CBsLRWz9Hjv/xkmyhSYeGDiccy5z7wlSKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy2TZJrxJktkojsBNVwKxZsoUPJOqjmNA8nbweh25refuDYiUY84Trkf04ESkWAUrdTu3dtoSPvlilt15yCrxMtJBXI0+uWvXpiwLOYKmaTGdD03RX9CNQom+bTUywxPKRvRAe9aqmjMjT+ZrzslZ1YJSZRo+xSSufp7YkJjY8ZxYJMxxaFZ9mbif143w+janwiVZsgVW3wUZZJgQma3k1BozlCOLaFMC7srYUOqKUPbUMmW4C2fvEpatap3Ua09XFbqN3kdRTiBUzgHD66gDnfQgCYwGMEzvMKbkzovzrvzsYgWnHzmGP7A+fwBC7+PXQ==</latexit>



decays, 

twin hadronisation

SNR: Twin Higgs

To not spoil the Higgs mass, we need: 

m2
7 �m2

1 . 1TeV2
<latexit sha1_base64="8WIwc9d8DeYgwVBB1BA8d6iUvNU=">AAACEXicbVA9SwNBEN3z2/gVtbRZDIKFhrtTiKVoYxkhiYFccuxtJrq4e3fszonhyF+w8a/YWChia2fnv3ETU2jig2Ee782wOy9KpTDoul/OzOzc/MLi0nJhZXVtfaO4udUwSaY51HkiE92MmAEpYqijQAnNVANTkYSr6PZ86F/dgTYiiWvYT6Gt2HUseoIztFJY3FdhpePTQ6pCz/ZAgjFGKOoFB3mAcI95DRqDjj8IiyW37I5Ap4k3JiUyRjUsfgbdhGcKYuSSGdPy3BTbOdMouIRBIcgMpIzfsmtoWRozBaadjy4a0D2rdGkv0bZipCP190bOlDF9FdlJxfDGTHpD8T+vlWHvpJ2LOM0QYv7zUC+TFBM6jId2hQaOsm8J41rYv1J+wzTjaEMs2BC8yZOnScMve0dl//K4dHo2jmOJ7JBdsk88UiGn5IJUSZ1w8kCeyAt5dR6dZ+fNef8ZnXHGO9vkD5yPb9iGm9E=</latexit>

mixing
Twin 

fermions

twin 

partners

SM

fermions

SM EW charge

Light Twin partners with EW charge

m7
<latexit sha1_base64="j7LLqzBudkYUaiESIo3cBKVqESI=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0oxJMEvHiMaB6QLGF2MpsMmccyMyuEJZ/gxYMiXv0ib/6Nk2QPmljQUFR1090VJZwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZVqQptEcaU7ETaUM0mblllOO4mmWESctqPx7cxvP1FtmJKPdpLQUOChZDEj2DrpQfRr/VLZr/hzoFUS5KQMORr90ldvoEgqqLSEY2O6gZ/YMMPaMsLptNhLDU0wGeMh7ToqsaAmzOanTtG5UwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jcaME2J5RNHMNHM3YrICGtMrEun6EIIll9eJa1qJbisVO+vyvWbPI4CnMIZXEAANajDHTSgCQSG8Ayv8OZx78V79z4WrWtePnMCf+B9/gAEII2b</latexit>

m1
<latexit sha1_base64="puo9MvWUmPwgzZ+xaUPQlkJlGuY=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQU9S8OKxov2AdinZNNuGJtklyQpl6U/w4kERr/4ib/4b03YP2vpg4PHeDDPzwkRwYz3vGxXW1jc2t4rbpZ3dvf2D8uFRy8SppqxJYxHrTkgME1yxpuVWsE6iGZGhYO1wfDvz209MGx6rRztJWCDJUPGIU2Kd9CD7fr9c8areHHiV+DmpQI5Gv/zVG8Q0lUxZKogxXd9LbJARbTkVbFrqpYYlhI7JkHUdVUQyE2TzU6f4zCkDHMXalbJ4rv6eyIg0ZiJD1ymJHZllbyb+53VTG10HGVdJapmii0VRKrCN8exvPOCaUSsmjhCqubsV0xHRhFqXTsmF4C+/vEpatap/Ua3dX1bqN3kcRTiBUzgHH66gDnfQgCZQGMIzvMIbEugFvaOPRWsB5TPH8Afo8wf6+Y2V</latexit>

SO(8) � SO(4)SM ⇥ SO(4)SM’
<latexit sha1_base64="CtXehKxLj0Fu8JjG6BRHJjpeIaU=">AAACInicbVDLSgNBEJz1bXxFPXoZDGJyCbsxoF4k4MWLGNHEQDaE2UknDpl9MNMrhmW/xYu/4sWDop4EP8ZJzEETCwaqq7rp6fIiKTTa9qc1Mzs3v7C4tJxZWV1b38hubtV1GCsONR7KUDU8pkGKAGooUEIjUsB8T8KN1z8d+jd3oLQIg2scRNDyWS8QXcEZGqmdPb66yB8VqKvjSANSU5UL7cRFuMfk6jxNqYvCBz1p7KdpO5uzi/YIdJo4Y5IjY1Tb2Xe3E/LYhwC5ZFo3HTvCVsIUCi4hzbixhojxPutB09CAmb2tZHRiSveM0qHdUJkXIB2pvycS5ms98D3T6TO81ZPeUPzPa8bYPWolIohihID/LOrGkmJIh3nRjlDAUQ4MYVwJ81fKb5liHE2qGROCM3nyNKmXis5BsXRZzlVOxnEskR2yS/LEIYekQs5IldQIJw/kibyQV+vRerberI+f1hlrPLNN/sD6+gbLwKKj</latexit>

SO(4)SM
<latexit sha1_base64="5vwPu5YONRqcRMCjMnFMFLMB5es=">AAAB+3icbVDLSgNBEJz1GeNrjUcvg0GIl7AbA3qSgBcvYiTmAcmyzE4myZDZBzO9krDsr3jxoIhXf8Sbf+Mk2YMmFjQUVd10d3mR4Aos69tYW9/Y3NrO7eR39/YPDs2jQkuFsaSsSUMRyo5HFBM8YE3gIFgnkoz4nmBtb3wz89tPTCoeBo8wjZjjk2HAB5wS0JJrFhr3peq5m/SATSBp3KUpds2iVbbmwKvEzkgRZai75levH9LYZwFQQZTq2lYETkIkcCpYmu/FikWEjsmQdTUNiM+Uk8xvT/GZVvp4EEpdAeC5+nsiIb5SU9/TnT6BkVr2ZuJ/XjeGwZWT8CCKgQV0sWgQCwwhngWB+1wyCmKqCaGS61sxHRFJKOi48joEe/nlVdKqlO2LcuWhWqxdZ3Hk0Ak6RSVko0tUQ7eojpqIogl6Rq/ozUiNF+Pd+Fi0rhnZzDH6A+PzB+ujk7Y=</latexit>

SO(4)SM’
<latexit sha1_base64="1Xe8V3nE2bODT2e+Ndm601Ws0NY=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkWsm5LUgq6k4MaNWKl9QBvCZDpph04ezNxIS8ivuHGhiFt/xJ1/47TNQlsPXDiccy/33uNGnEkwzW8tt7a+sbmV3y7s7O7tH+iHxbYMY0Foi4Q8FF0XS8pZQFvAgNNuJCj2XU477vhm5neeqJAsDB5hGlHbx8OAeYxgUJKjF5v35dq5k/SBTiBp3p2lqaOXzIo5h7FKrIyUUIaGo3/1ByGJfRoA4VjKnmVGYCdYACOcpoV+LGmEyRgPaU/RAPtU2sn89tQ4VcrA8EKhKgBjrv6eSLAv5dR3VaePYSSXvZn4n9eLwbuyExZEMdCALBZ5MTcgNGZBGAMmKAE+VQQTwdStBhlhgQmouAoqBGv55VXSrlasi0r1oVaqX2dx5NExOkFlZKFLVEe3qIFaiKAJekav6E1LtRftXftYtOa0bOYI/YH2+QP1k5O9</latexit>

SO(8)
<latexit sha1_base64="AQ2T3SxNZVBZkxqY01PAAV4cT20=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBXuSghdvVjRtoQ1ls920SzebsLsRSuhv8OJBEa/+IG/+GzdtDtr6YODx3gwz8/yYM6Vt+9sqrK1vbG4Vt0s7u3v7B+XDo7aKEkmoSyIeya6PFeVMUFczzWk3lhSHPqcdf3KT+Z0nKhWLxKOextQL8UiwgBGsjeQ+3FUb54Nyxa7Zc6BV4uSkAjlag/JXfxiRJKRCE46V6jl2rL0US80Ip7NSP1E0xmSCR7RnqMAhVV46P3aGzowyREEkTQmN5urviRSHSk1D33SGWI/VspeJ/3m9RAcNL2UiTjQVZLEoSDjSEco+R0MmKdF8aggmkplbERljiYk2+ZRMCM7yy6ukXa85F7X6/WWleZ3HUYQTOIUqOHAFTbiFFrhAgMEzvMKbJawX6936WLQWrHzmGP7A+vwBjBqN1w==</latexit>

Collider signal:

EW neutral twin states missing energy*W, Z

W, Z, h

W, Z, h

ψEW

ψEW

*one can arrange for 
visible signatures too

q

̂q ψ

ψEW

̂q, ψ

SO(8)



SNR: Twin Higgs

numerical results



SNR: Twin Higgs

experimental bounds on EW-charged twin partners

chargino/neutralino pair production with a decay to a W,Z,h and neutralino (missing Et)

CMS-PAS-SUS-20-001

optimal mass of 

twin fermions ̂q}



SNR: Twin Higgs

experimental bounds on EW-charged twin partners

chargino/neutralino pair production with a decay to a W,Z,h and neutralino (missing Et)

CMS-PAS-SUS-20-001

optimal mass of 

twin fermions ̂q

if charged under 
twin QCD, partners 
hadronise, and 
decay back into SM }
Cheng,Salvioni,Tsai 
1612.03176

bounds significantly 
depend on kinematical 
distributions

eventually used for 
the derivation of 
bounds



SNR: Twin Higgs

fine-tuning

lower bound from a pair production 
of one top partner,

does not include single production 
or pile-up from several partners



 In thermal bath of particles X, what is their effect on the Higgs 
potential?

bosons: fermions:

5

SNR: thermal corrections



SNR: collider pheno

Production via off-shell Higgs

invisible Higgs decays

Universal Higgs couplings modification

�h ' 6MeVwhere 

requires either                or mN > mh/2n & 106

from Higgs wave function renormalization
h h

v v

N

�Zh ⇠ 1

(4⇡)2
1

n

✓
n�NmN

⇤

◆2 v2

m2
N

future lepton colliders?

if no decay within detector, may be testable at 100TeV collider

for low         and  

v
h

N

N

D.Curtin et al 1409.0005

mN n


