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THE HIGGS PORTAL

➤ Structure of SM gauge interactions 
limits the total SM singlet operators 
that one can construct 

➤         :                ,                , …  

➤ Currents:  

➤ Neutrino portal:  

➤ Hypercharge portal:  

➤ Higgs portal, 
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THE HIGGS PORTAL

➤ Higgs is thus particularly sensitive window onto to new 
physics 

➤ Quantum sensitivity to new physics: hierarchy problem 

➤ Effective field theory: leading place in SM where we may 
expect to see evidence of SM singlet new physics coupling to 
the SM

see lecture by Nate Craig
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THE HIGGS PORTAL

➤ Practically: Higgs portal has enhanced accidental sensitivity 
for light new physics (<mh/2): suppressed SM decay modes
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THE HIGGS PORTAL

➤ The LHC as a Higgs factory 

➤ Higgs production cross-section at 13 TeV: ~50 pb 

➤  Integrated luminosity, ~35/fb (expect more public results to 
come soon!) 

➤        106 Higgs bosons served 

➤ If: reasonable reconstruction efficiency, good S/B:  statistics 
for branching fractions ~10-5 

➤ this is like the kinematic limit: best possible reach 

➤ But getting to this limit is often challenging: Higgs is light



EXOTIC HIGGS DECAYS

➤ Easy vs hard final states:



THE HIGGS PORTAL
➤ For physics heavier than mh/2, life is much harder at LHC (gg 

pdfs,  large backgrounds) 

➤ at e+e-, deviations in Higgs properties may be easier to pin 
down

see lectures by Marumi Kado

[Craig, Lou, McCullough, Thallapillal (2014)]



WHY NEW PHYSICS?

➤ Why SM singlet new physics near the weak scale? 

➤ co-responsible for generating it 

➤ stabilize it 

➤ thermal dark matter 

➤ ...why not? 

➤ these essential motivations have not changed much, but 
the specific models and their resulting signatures have



SOME THERMAL RELIC NUMEROLOGY

➤ Many (many, many) ideas for particle DM 

➤ best motivation for DM with terrestrially accessible mass 
scales and interactions: 

➤ a particularly simple class of models: WIMPs and their relatives 

➤ these particles are thermal relics: once a part of hot, dense 
plasma in the early universe, then left equilibrium as universe 
expanded and cooled 

➤ equilibrium number densities: 

➤ relativistic: 

➤ non-relativistic:
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SOME THERMAL RELIC NUMEROLOGY

➤ Thermal freezeout:
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SOME THERMAL RELIC NUMEROLOGY

➤ Estimate when freezeout happens: 

➤ Today, 
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HIGGS PORTAL DARK MATTER

➤ scalar singlet model:

[Silveira, Zee]
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HIGGS PORTAL DARK MATTER

➤ Indirect detection: 

➤ Direct detection: 

➤ Collider production:
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environments today



HIGGS PORTAL DARK MATTER

➤ Indirect detection: 

➤ Direct detection: 

➤ Collider production:
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<latexit sha1_base64="l4FFpFQPvzCtqs0xymD3pMkDAjo=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDZmx1dZVwY3LCvYB7VAymUwbmnmQZIQy9CPcuFDErd/jzr8xfQgqeiBwOOdccu/xU8GVxvjDWlldW9/YLGwVt3d29/ZLB4dtlWSSshZNRCK7PlFM8Ji1NNeCdVPJSOQL1vHH1zO/c8+k4kl8pycp8yIyjHnIKdFG6vSFiQZkUCpju17HlUoVYbuKXdetGYLP3VrdQY6N5yjDEs1B6b0fJDSLWKypIEr1HJxqLydScyrYtNjPFEsJHZMh6xkak4gpL5+vO0WnRglQmEjzYo3m6veJnERKTSLfJCOiR+q3NxP/8nqZDmtezuM00yymi4/CTCCdoNntKOCSUS0mhhAqudkV0RGRhGrTUNGU8HUp+p+0Xdu5sN3bSrlxtayjAMdwAmfgwCU04Aaa0AIKY3iAJ3i2UuvRerFeF9EVazlzBD9gvX0CpoyPxQ==</latexit>

�

<latexit sha1_base64="l4FFpFQPvzCtqs0xymD3pMkDAjo=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDZmx1dZVwY3LCvYB7VAymUwbmnmQZIQy9CPcuFDErd/jzr8xfQgqeiBwOOdccu/xU8GVxvjDWlldW9/YLGwVt3d29/ZLB4dtlWSSshZNRCK7PlFM8Ji1NNeCdVPJSOQL1vHH1zO/c8+k4kl8pycp8yIyjHnIKdFG6vSFiQZkUCpju17HlUoVYbuKXdetGYLP3VrdQY6N5yjDEs1B6b0fJDSLWKypIEr1HJxqLydScyrYtNjPFEsJHZMh6xkak4gpL5+vO0WnRglQmEjzYo3m6veJnERKTSLfJCOiR+q3NxP/8nqZDmtezuM00yymi4/CTCCdoNntKOCSUS0mhhAqudkV0RGRhGrTUNGU8HUp+p+0Xdu5sN3bSrlxtayjAMdwAmfgwCU04Aaa0AIKY3iAJ3i2UuvRerFeF9EVazlzBD9gvX0CpoyPxQ==</latexit>

�
s-wave component of annihilation 
cross-section means appreciable 

indirect detection signals in DM-rich 
environments today

DM-nucleon cross-section is both 
spin- and velocity-independent: 
unsuppressed coherent nuclear 

scattering



HIGGS PORTAL DARK MATTER

➤ Indirect detection: 

➤ Direct detection: 

➤ Collider production:

<latexit sha1_base64="l4FFpFQPvzCtqs0xymD3pMkDAjo=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDZmx1dZVwY3LCvYB7VAymUwbmnmQZIQy9CPcuFDErd/jzr8xfQgqeiBwOOdccu/xU8GVxvjDWlldW9/YLGwVt3d29/ZLB4dtlWSSshZNRCK7PlFM8Ji1NNeCdVPJSOQL1vHH1zO/c8+k4kl8pycp8yIyjHnIKdFG6vSFiQZkUCpju17HlUoVYbuKXdetGYLP3VrdQY6N5yjDEs1B6b0fJDSLWKypIEr1HJxqLydScyrYtNjPFEsJHZMh6xkak4gpL5+vO0WnRglQmEjzYo3m6veJnERKTSLfJCOiR+q3NxP/8nqZDmtezuM00yymi4/CTCCdoNntKOCSUS0mhhAqudkV0RGRhGrTUNGU8HUp+p+0Xdu5sN3bSrlxtayjAMdwAmfgwCU04Aaa0AIKY3iAJ3i2UuvRerFeF9EVazlzBD9gvX0CpoyPxQ==</latexit>

�

<latexit sha1_base64="l4FFpFQPvzCtqs0xymD3pMkDAjo=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDZmx1dZVwY3LCvYB7VAymUwbmnmQZIQy9CPcuFDErd/jzr8xfQgqeiBwOOdccu/xU8GVxvjDWlldW9/YLGwVt3d29/ZLB4dtlWSSshZNRCK7PlFM8Ji1NNeCdVPJSOQL1vHH1zO/c8+k4kl8pycp8yIyjHnIKdFG6vSFiQZkUCpju17HlUoVYbuKXdetGYLP3VrdQY6N5yjDEs1B6b0fJDSLWKypIEr1HJxqLydScyrYtNjPFEsJHZMh6xkak4gpL5+vO0WnRglQmEjzYo3m6veJnERKTSLfJCOiR+q3NxP/8nqZDmtezuM00yymi4/CTCCdoNntKOCSUS0mhhAqudkV0RGRhGrTUNGU8HUp+p+0Xdu5sN3bSrlxtayjAMdwAmfgwCU04Aaa0AIKY3iAJ3i2UuvRerFeF9EVazlzBD9gvX0CpoyPxQ==</latexit>

�

<latexit sha1_base64="l4FFpFQPvzCtqs0xymD3pMkDAjo=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDZmx1dZVwY3LCvYB7VAymUwbmnmQZIQy9CPcuFDErd/jzr8xfQgqeiBwOOdccu/xU8GVxvjDWlldW9/YLGwVt3d29/ZLB4dtlWSSshZNRCK7PlFM8Ji1NNeCdVPJSOQL1vHH1zO/c8+k4kl8pycp8yIyjHnIKdFG6vSFiQZkUCpju17HlUoVYbuKXdetGYLP3VrdQY6N5yjDEs1B6b0fJDSLWKypIEr1HJxqLydScyrYtNjPFEsJHZMh6xkak4gpL5+vO0WnRglQmEjzYo3m6veJnERKTSLfJCOiR+q3NxP/8nqZDmtezuM00yymi4/CTCCdoNntKOCSUS0mhhAqudkV0RGRhGrTUNGU8HUp+p+0Xdu5sN3bSrlxtayjAMdwAmfgwCU04Aaa0AIKY3iAJ3i2UuvRerFeF9EVazlzBD9gvX0CpoyPxQ==</latexit>

�
s-wave component of annihilation 
cross-section means appreciable 

indirect detection signals in DM-rich 
environments today

DM-nucleon cross-section is both 
spin- and velocity-independent: 
unsuppressed coherent nuclear 

scattering

Sensitivity depends on whether or 
not Higgs can decay into DM pairs



HIGGS PORTAL DARK MATTER

➤ Collected constraints on minimal HPDM:

[Hardy (2018)]



RESONANT REGIME

➤ Finely-tuned viable region near mh/2: 

➤ next generation direct detection (indirect detection)

[Binder, Bringmann, Gustafsson, Hryczuk (2017)]



NON-MINIMAL COSMOLOGY?

➤ Early matter-dominated era: dilute DM abundance  

➤ entropy dump depends on properties of decaying metastable 
field 

➤ parametrically separate DM-Higgs coupling from present-day 
relic abundance

<latexit sha1_base64="Bbwa9+6SoD/LykZ69ZAO9mOldn4=">AAAB63icdVDLSgMxFM34rPVVdekmWARXQ0Zb2+6KblxWsA9oh5JJM21oJhmSjFCG/oIbF4q49Yfc+TdmphVU9MCFwzn3cu89QcyZNgh9OCura+sbm4Wt4vbO7t5+6eCwo2WiCG0TyaXqBVhTzgRtG2Y47cWK4ijgtBtMrzO/e0+VZlLcmVlM/QiPBQsZwSaTBmoih6UycivIogZz4qELSxqNerXagJ6LcpTBEq1h6X0wkiSJqDCEY637HoqNn2JlGOF0XhwkmsaYTPGY9i0VOKLaT/Nb5/DUKiMYSmVLGJir3ydSHGk9iwLbGWEz0b+9TPzL6ycmrPspE3FiqCCLRWHCoZEwexyOmKLE8JklmChmb4VkghUmxsZTtCF8fQr/J51z17t00W2l3LxaxlEAx+AEnAEP1EAT3IAWaAMCJuABPIFnJ3IenRfnddG64ixnjsAPOG+ffMKOjA==</latexit>⇢

a

matter domination radiation 
domination

<latexit sha1_base64="OwaYTvUMgzE/v+lD/jOb1dhCZ4o=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFSYx1XZXcOOygn1AG8pkOmmGTiZhZiKU0F9w40IRt/6QO//GSVtBRQ9cOJxzL/feE6ScKY3Qh1VaW9/Y3CpvV3Z29/YPqodHXZVkktAOSXgi+wFWlDNBO5ppTvuppDgOOO0F0+vC791TqVgi7vQspX6MJ4KFjGBdSMM0YqNqDdnNJvK8OkR2Hbmu2zAEXbiNpgMdGy1QAyu0R9X34TghWUyFJhwrNXBQqv0cS80Ip/PKMFM0xWSKJ3RgqMAxVX6+uHUOz4wyhmEiTQkNF+r3iRzHSs3iwHTGWEfqt1eIf3mDTIcNP2cizTQVZLkozDjUCSweh2MmKdF8ZggmkplbIYmwxESbeComhK9P4f+k69rOpe3derVWaxVHGZyAU3AOHHAFWuAGtEEHEBCBB/AEnq3YerRerNdla8lazRyDH7DePgF/wY6P</latexit>

�
<latexit sha1_base64="TWct75AOaWxPT1L0jjYWjEr+n/4=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiTa2nZXcONGqGgf0IQymU7boTNJmJkIIdRfceNCEbd+iDv/xklaQUUPDBzOuZc59/gRo1LZ9odRWFldW98obpa2tnd298z9g64MY4FJB4csFH0fScJoQDqKKkb6kSCI+4z0/NlF5vfuiJA0DG5VEhGPo0lAxxQjpaWhWXajKXVVCF2O1FTw9OZqPjQrtlW1NeowJ459pkmz2ajVmtCx7BwVsER7aL67oxDHnAQKMyTlwLEj5aVIKIoZmZfcWJII4RmakIGmAeJEemkefg6PtTKC41DoFyiYq983UsSlTLivJ7OI8reXiX95g1iNG15KgyhWJMCLj8Yxg/rYrAk4ooJgxRJNEBZUZ4V4igTCSvdV0iV8XQr/J91Tyzm3qtfVSqu1rKMIDsEROAEOqIMWuARt0AEYJOABPIFn4954NF6M18VowVjulMEPGG+fNj+VKQ==</latexit>

� ! SM



NON-MINIMAL PARTICLE MODELS

➤ Global symmetry to suppress DD cross section: 

➤ leading DD cross-section at one loop 

➤ Higgs decays, ID still constraining at lower DM masses 

➤ signals, constraints depend on properties of new heavy BSM 
scalar S

<latexit sha1_base64="TD+A6p1D1zjh0r0wA8FR4u7bOAY="></latexit>

S ! � = Seia/fa

h s+ =   0

[Gross, Lebedev, Toma]



NON-MINIMAL PARTICLE MODELS

➤ Introducing new mediators gives new 
flexibility in how DM talks to the SM 

➤ Higgs-mixed scalar: same issues as 
minimal HPDM 

➤ pseudo-scalar: parametrically suppress 
DD signal, nuclear cross-section is 
velocity-suppressed and spin-
dependent (fermionic DM) 

➤ UV-complete            ? 

➤ simple: mix with A0 in 2HDM model

<latexit sha1_base64="l4FFpFQPvzCtqs0xymD3pMkDAjo=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDZmx1dZVwY3LCvYB7VAymUwbmnmQZIQy9CPcuFDErd/jzr8xfQgqeiBwOOdccu/xU8GVxvjDWlldW9/YLGwVt3d29/ZLB4dtlWSSshZNRCK7PlFM8Ji1NNeCdVPJSOQL1vHH1zO/c8+k4kl8pycp8yIyjHnIKdFG6vSFiQZkUCpju17HlUoVYbuKXdetGYLP3VrdQY6N5yjDEs1B6b0fJDSLWKypIEr1HJxqLydScyrYtNjPFEsJHZMh6xkak4gpL5+vO0WnRglQmEjzYo3m6veJnERKTSLfJCOiR+q3NxP/8nqZDmtezuM00yymi4/CTCCdoNntKOCSUS0mhhAqudkV0RGRhGrTUNGU8HUp+p+0Xdu5sN3bSrlxtayjAMdwAmfgwCU04Aaa0AIKY3iAJ3i2UuvRerFeF9EVazlzBD9gvX0CpoyPxQ==</latexit>

�

<latexit sha1_base64="6hvXTh58wIKQX1xNynW8vmhfLYQ=">AAAB8HicdVDLSgMxFL1TX7W+qi7dBIvgapjR1rauCm5cVrAPaYeSyWTa0GRmSDJCKf0KNy4UcevnuPNvTKcVVPRA4HDOueTe4yecKe04H1ZuZXVtfSO/Wdja3tndK+4ftFWcSkJbJOax7PpYUc4i2tJMc9pNJMXC57Tjj6/mfueeSsXi6FZPEuoJPIxYyAjWRrrrcxMN8MAdFEuOXXYMqigjrnNuSL1eq1TqyLWdDCVYojkovveDmKSCRppwrFTPdRLtTbHUjHA6K/RTRRNMxnhIe4ZGWFDlTbOFZ+jEKAEKY2lepFGmfp+YYqHURPgmKbAeqd/eXPzL66U6rHlTFiWpphFZfBSmHOkYza9HAZOUaD4xBBPJzK6IjLDERJuOCqaEr0vR/6R9ZrsXdvmmXGpcLuvIwxEcwym4UIUGXEMTWkBAwAM8wbMlrUfrxXpdRHPWcuYQfsB6+wTCxZBi</latexit>

�1
<latexit sha1_base64="J2L82SizDQcC1fR6K97hnwn2LMI=">AAAB8HicdVDLSgMxFL3js9ZX1aWbYBFcDTO1ta2rghuXFexD2qFkMpk2NJkZkoxQSr/CjQtF3Po57vwb02kFFT0QOJxzLrn3+AlnSjvOh7Wyura+sZnbym/v7O7tFw4O2ypOJaEtEvNYdn2sKGcRbWmmOe0mkmLhc9rxx1dzv3NPpWJxdKsnCfUEHkYsZARrI931uYkGeFAaFIqOXXYMqigjrnNuSL1eq1TqyLWdDEVYojkovPeDmKSCRppwrFTPdRLtTbHUjHA6y/dTRRNMxnhIe4ZGWFDlTbOFZ+jUKAEKY2lepFGmfp+YYqHURPgmKbAeqd/eXPzL66U6rHlTFiWpphFZfBSmHOkYza9HAZOUaD4xBBPJzK6IjLDERJuO8qaEr0vR/6Rdst0Lu3xTLjYul3Xk4BhO4AxcqEIDrqEJLSAg4AGe4NmS1qP1Yr0uoivWcuYIfsB6+wTESZBj</latexit>

�2

h

s

<latexit sha1_base64="6hvXTh58wIKQX1xNynW8vmhfLYQ=">AAAB8HicdVDLSgMxFL1TX7W+qi7dBIvgapjR1rauCm5cVrAPaYeSyWTa0GRmSDJCKf0KNy4UcevnuPNvTKcVVPRA4HDOueTe4yecKe04H1ZuZXVtfSO/Wdja3tndK+4ftFWcSkJbJOax7PpYUc4i2tJMc9pNJMXC57Tjj6/mfueeSsXi6FZPEuoJPIxYyAjWRrrrcxMN8MAdFEuOXXYMqigjrnNuSL1eq1TqyLWdDCVYojkovveDmKSCRppwrFTPdRLtTbHUjHA6K/RTRRNMxnhIe4ZGWFDlTbOFZ+jEKAEKY2lepFGmfp+YYqHURPgmKbAeqd/eXPzL66U6rHlTFiWpphFZfBSmHOkYza9HAZOUaD4xBBPJzK6IjLDERJuOCqaEr0vR/6R9ZrsXdvmmXGpcLuvIwxEcwym4UIUGXEMTWkBAwAM8wbMlrUfrxXpdRHPWcuYQfsB6+wTCxZBi</latexit>

�1

<latexit sha1_base64="J2L82SizDQcC1fR6K97hnwn2LMI=">AAAB8HicdVDLSgMxFL3js9ZX1aWbYBFcDTO1ta2rghuXFexD2qFkMpk2NJkZkoxQSr/CjQtF3Po57vwb02kFFT0QOJxzLrn3+AlnSjvOh7Wyura+sZnbym/v7O7tFw4O2ypOJaEtEvNYdn2sKGcRbWmmOe0mkmLhc9rxx1dzv3NPpWJxdKsnCfUEHkYsZARrI931uYkGeFAaFIqOXXYMqigjrnNuSL1eq1TqyLWdDEVYojkovPeDmKSCRppwrFTPdRLtTbHUjHA6y/dTRRNMxnhIe4ZGWFDlTbOFZ+jUKAEKY2lepFGmfp+YYqHURPgmKbAeqd/eXPzL66U6rHlTFiWpphFZfBSmHOkYza9HAZOUaD4xBBPJzK6IjLDERJuO8qaEr0vR/6Rdst0Lu3xTLjYul3Xk4BhO4AxcqEIDrqEJLSAg4AGe4NmS1qP1Yr0uoivWcuYIfsB6+wTESZBj</latexit>

�2

a<latexit sha1_base64="EX4w7c+RFzFVO1HmJV75WEQscCI=">AAAB+3icdVDLTgIxFO34RHyNuHTTSExckRkFgR2JG5eYyCMBJHdKBxrazqTtGAnhV9y40Bi3/og7/8YyYKJGz+rknHtzzz1BzJk2nvfhrKyurW9sZray2zu7e/vuQa6po0QR2iARj1Q7AE05k7RhmOG0HSsKIuC0FYwv537rjirNInljJjHtCRhKFjICxkp9Nwe4G4DCYXcIQsBtCYd9N+8Vip5FGafE984tqVYrpVIV+wUvRR4tUe+7791BRBJBpSEctO74Xmx6U1CGEU5n2W6iaQxkDEPasVSCoLo3TbPP8IlVBjiMbIRIGpyq3zemILSeiMBOCjAj/dubi395ncSEld6UyTgxVJLFoTDh2ER4XgQeMEWJ4RNLgChms2IyAgXE2LqytoSvT/H/pHlW8C8KxetivlZb1pFBR+gYnSIflVENXaE6aiCC7tEDekLPzsx5dF6c18XoirPcOUQ/4Lx9At8bk7Y=</latexit>

af̄�5f

see lectures by Nausheen Shah



NON-MINIMAL PARTICLE MODELS

➤ Introducing new mediators gives new 
flexibility in how DM talks to the SM 

➤ Higgs-mixed scalar: same issues as 
minimal HPDM 

➤ pseudo-scalar: parametrically suppress 
DD signal, nuclear cross-section is 
velocity-suppressed and spin-
dependent (fermionic DM) 

➤ UV-complete            ? 

➤ simple: mix with A0 in 2HDM model

<latexit sha1_base64="l4FFpFQPvzCtqs0xymD3pMkDAjo=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDZmx1dZVwY3LCvYB7VAymUwbmnmQZIQy9CPcuFDErd/jzr8xfQgqeiBwOOdccu/xU8GVxvjDWlldW9/YLGwVt3d29/ZLB4dtlWSSshZNRCK7PlFM8Ji1NNeCdVPJSOQL1vHH1zO/c8+k4kl8pycp8yIyjHnIKdFG6vSFiQZkUCpju17HlUoVYbuKXdetGYLP3VrdQY6N5yjDEs1B6b0fJDSLWKypIEr1HJxqLydScyrYtNjPFEsJHZMh6xkak4gpL5+vO0WnRglQmEjzYo3m6veJnERKTSLfJCOiR+q3NxP/8nqZDmtezuM00yymi4/CTCCdoNntKOCSUS0mhhAqudkV0RGRhGrTUNGU8HUp+p+0Xdu5sN3bSrlxtayjAMdwAmfgwCU04Aaa0AIKY3iAJ3i2UuvRerFeF9EVazlzBD9gvX0CpoyPxQ==</latexit>

�

<latexit sha1_base64="6hvXTh58wIKQX1xNynW8vmhfLYQ=">AAAB8HicdVDLSgMxFL1TX7W+qi7dBIvgapjR1rauCm5cVrAPaYeSyWTa0GRmSDJCKf0KNy4UcevnuPNvTKcVVPRA4HDOueTe4yecKe04H1ZuZXVtfSO/Wdja3tndK+4ftFWcSkJbJOax7PpYUc4i2tJMc9pNJMXC57Tjj6/mfueeSsXi6FZPEuoJPIxYyAjWRrrrcxMN8MAdFEuOXXYMqigjrnNuSL1eq1TqyLWdDCVYojkovveDmKSCRppwrFTPdRLtTbHUjHA6K/RTRRNMxnhIe4ZGWFDlTbOFZ+jEKAEKY2lepFGmfp+YYqHURPgmKbAeqd/eXPzL66U6rHlTFiWpphFZfBSmHOkYza9HAZOUaD4xBBPJzK6IjLDERJuOCqaEr0vR/6R9ZrsXdvmmXGpcLuvIwxEcwym4UIUGXEMTWkBAwAM8wbMlrUfrxXpdRHPWcuYQfsB6+wTCxZBi</latexit>

�1
<latexit sha1_base64="J2L82SizDQcC1fR6K97hnwn2LMI=">AAAB8HicdVDLSgMxFL3js9ZX1aWbYBFcDTO1ta2rghuXFexD2qFkMpk2NJkZkoxQSr/CjQtF3Po57vwb02kFFT0QOJxzLrn3+AlnSjvOh7Wyura+sZnbym/v7O7tFw4O2ypOJaEtEvNYdn2sKGcRbWmmOe0mkmLhc9rxx1dzv3NPpWJxdKsnCfUEHkYsZARrI931uYkGeFAaFIqOXXYMqigjrnNuSL1eq1TqyLWdDEVYojkovPeDmKSCRppwrFTPdRLtTbHUjHA6y/dTRRNMxnhIe4ZGWFDlTbOFZ+jUKAEKY2lepFGmfp+YYqHURPgmKbAeqd/eXPzL66U6rHlTFiWpphFZfBSmHOkYza9HAZOUaD4xBBPJzK6IjLDERJuO8qaEr0vR/6Rdst0Lu3xTLjYul3Xk4BhO4AxcqEIDrqEJLSAg4AGe4NmS1qP1Yr0uoivWcuYIfsB6+wTESZBj</latexit>

�2

h

s

<latexit sha1_base64="6hvXTh58wIKQX1xNynW8vmhfLYQ=">AAAB8HicdVDLSgMxFL1TX7W+qi7dBIvgapjR1rauCm5cVrAPaYeSyWTa0GRmSDJCKf0KNy4UcevnuPNvTKcVVPRA4HDOueTe4yecKe04H1ZuZXVtfSO/Wdja3tndK+4ftFWcSkJbJOax7PpYUc4i2tJMc9pNJMXC57Tjj6/mfueeSsXi6FZPEuoJPIxYyAjWRrrrcxMN8MAdFEuOXXYMqigjrnNuSL1eq1TqyLWdDCVYojkovveDmKSCRppwrFTPdRLtTbHUjHA6K/RTRRNMxnhIe4ZGWFDlTbOFZ+jEKAEKY2lepFGmfp+YYqHURPgmKbAeqd/eXPzL66U6rHlTFiWpphFZfBSmHOkYza9HAZOUaD4xBBPJzK6IjLDERJuOCqaEr0vR/6R9ZrsXdvmmXGpcLuvIwxEcwym4UIUGXEMTWkBAwAM8wbMlrUfrxXpdRHPWcuYQfsB6+wTCxZBi</latexit>

�1

<latexit sha1_base64="J2L82SizDQcC1fR6K97hnwn2LMI=">AAAB8HicdVDLSgMxFL3js9ZX1aWbYBFcDTO1ta2rghuXFexD2qFkMpk2NJkZkoxQSr/CjQtF3Po57vwb02kFFT0QOJxzLrn3+AlnSjvOh7Wyura+sZnbym/v7O7tFw4O2ypOJaEtEvNYdn2sKGcRbWmmOe0mkmLhc9rxx1dzv3NPpWJxdKsnCfUEHkYsZARrI931uYkGeFAaFIqOXXYMqigjrnNuSL1eq1TqyLWdDEVYojkovPeDmKSCRppwrFTPdRLtTbHUjHA6y/dTRRNMxnhIe4ZGWFDlTbOFZ+jUKAEKY2lepFGmfp+YYqHURPgmKbAeqd/eXPzL66U6rHlTFiWpphFZfBSmHOkYza9HAZOUaD4xBBPJzK6IjLDERJuO8qaEr0vR/6Rdst0Lu3xTLjYul3Xk4BhO4AxcqEIDrqEJLSAg4AGe4NmS1qP1Yr0uoivWcuYIfsB6+wTESZBj</latexit>
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NON-MINIMAL PARTICLE MODELS

➤ 2HDM+a:

[Ipek, McKeen, Nelson (2014)] [Robens (2021)]



NON-MINIMAL PARTICLE MODELS

➤ Secluded annihilations: 

➤ Astrophysical signatures of WIMPy DM more or less 
unchanged 

➤ terrestrial signatures parametrically suppressed

s

relic abundance 
constraint fixes DM-
mediator coupling

small SM coupling 
lets mediator decay

[Pospelov, Ritz, Voloshin]



NON-MINIMAL PARTICLE MODELS

➤ thermalization floor: SM-mediator couplings large enough for 
single temperature to describe the whole system

[Evans, Gori, JS (2017)]
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A LIGHT HIGGS-MIXED SCALAR

➤ direct production probes different combination of model 
couplings than on-shell Higgs decays:
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SN1987a
Cosmological

[Evans, Gori, JS (2017)]
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interpret with care!



FIRST-ORDER PHASE TRANSITIONS

➤ In SM, EW phase transition is a cross-over 

➤ Strongly first-order phase transitions: 

➤ necessary ingredient for electroweak baryogenesis 

➤ stochastic GW background 

➤ require BSM physics not far from EW scale

h h
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FIRST-ORDER PHASE TRANSITIONS

➤ New physics that drives EWPT first order must generically be 
fairly strongly coupled to Higgs 

➤ large exotic branching ratios when decays are kinematically 
possible; narrow sliver of parameter space still open 

➤ most parameter space has heavy new physics: good prospects 
at future colliders



SM+SINGLET
➤ potential for a general real singlet extension of SM: 

➤ Z2 symmetry               : S is stable  

➤ General case: S decays through Higgs mixing
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O(✓)
<latexit sha1_base64="gML89Q3M4jVbn+oksmDKFlVBvrQ=">AAAB/HicdVDLSgMxFM3UV62v0S7dBItQN8NMH7TdFdy4s4J9QDuUTJq2oZkHyR2hDPVX3LhQxK0f4s6/MZ1WUNEDgcM593JPjhcJrsC2P4zMxubW9k52N7e3f3B4ZB6fdFQYS8raNBSh7HlEMcED1gYOgvUiyYjvCdb1ZpdLv3vHpOJhcAvziLk+mQR8zCkBLQ3N/MAnMKVEJNeL4gCmDMjF0CzYVsXWqOGUOHZZk0ajXq02sGPZKQpojdbQfB+MQhr7LAAqiFJ9x47ATYgETgVb5AaxYhGhMzJhfU0D4jPlJmn4BT7XygiPQ6lfADhVv28kxFdq7nt6chlV/faW4l9eP4Zx3U14EMXAAro6NI4FhhAvm8AjLhkFMdeEUMl1VkynRBIKuq+cLuHrp/h/0ilZTtkq3VQKzea6jiw6RWeoiBxUQ010hVqojSiaowf0hJ6Ne+PReDFeV6MZY72TRz9gvH0C30uU6w==</latexit>

Br(h ! ss)
<latexit sha1_base64="d3XAMyqeo+D/vOMPKGxfDFQKYg4=">AAAB8nicdVDLSgMxFM34rPVVdekmWIS6GTLTFttd0Y3LCvYB06Fk0rQNzSRDkhHK0M9w40IRt36NO//G9CGo6IHA4Zx7yT0nSjjTBqEPZ219Y3NrO7eT393bPzgsHB23tUwVoS0iuVTdCGvKmaAtwwyn3URRHEecdqLJ9dzv3FOlmRR3ZprQMMYjwYaMYGOl4EqVxj0jodYX/UIRufU6qlSqELlV5Pt+zRJU9mt1D3ouWqAIVmj2C++9gSRpTIUhHGsdeCgxYYaVYYTTWb6XappgMsEjGlgqcEx1mC1OnsFzqwzgUCr7hIEL9ftGhmOtp3FkJ2Nsxvq3Nxf/8oLUDGthxkSSGirI8qNhyqENOc8PB0xRYvjUEkwUs7dCMsYKE2NbytsSvpLC/0nbd72y699Wio3Gqo4cOAVnoAQ8cAka4AY0QQsQIMEDeALPjnEenRfndTm65qx2TsAPOG+fuPSQ5Q==</latexit>

{a2, b3, b4;ms, cos ✓}
<latexit sha1_base64="Dq8a5SF6yQ9zgC3SJefRDnT/uic=">AAACDHicdVDLSgMxFM3UV62vqks3wSK4KMNMW7XipujGZQXbCp1hyKRpG5p5kNwRytAPcOOvuHGhiFs/wJ1/Y6atoKIHEg7nnEtyjx8LrsCyPozcwuLS8kp+tbC2vrG5VdzeaasokZS1aCQieeMTxQQPWQs4CHYTS0YCX7COP7rI/M4tk4pH4TWMY+YGZBDyPqcEtOQVS06KiVcpY9+rZlftDAeeKmOHRsqBIQPiTHTKMo8s+/TYwpZpTTEldbtqY3uulNAcTa/47vQimgQsBCqIUl3bisFNiQROBZsUnESxmNARGbCupiEJmHLT6TITfKCVHu5HUp8Q8FT9PpGSQKlx4OtkQGCofnuZ+JfXTaBfd1MexgmwkM4e6icCQ4SzZnCPS0ZBjDUhVHL9V0yHRBIKur+CLuFrU/w/aVdMu2pWrmqlxvm8jjzaQ/voENnoBDXQJWqiFqLoDj2gJ/Rs3BuPxovxOovmjPnMLvoB4+0TfluZaw==</latexit>

S ! �S
<latexit sha1_base64="jQk9EUn9fFeWuA3RNXl9P2U3oVw=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBIvgxmGmD9ruCm5cVmof0A4lk6ZtaCYzJBmhDP0INy4Ucev3uPNvTKcVVPRA4HDOveSe40ecKe04H1ZmY3Nreye7m9vbPzg8yh+fdFQYS0LbJOSh7PlYUc4EbWumOe1FkuLA57Trz66XfveeSsVCcafnEfUCPBFszAjWRuq2BjpEV61hvuDYZcegilLiOiVD6vVapVJHru2kKMAazWH+fTAKSRxQoQnHSvVdJ9JegqVmhNNFbhArGmEywxPaN1TggCovSc9doAujjNA4lOYJjVL1+0aCA6XmgW8mA6yn6re3FP/y+rEe17yEiSjWVJDVR+OYI5NxmR2NmKRE87khmEhmbkVkiiUm2jSUMyV8JUX/k07Rdkt28bZcaDTWdWThDM7hElyoQgNuoAltIDCDB3iCZyuyHq0X63U1mrHWO6fwA9bbJ8U/jzQ=</latexit>

�
1

2
a2v

2 +m2
s +O(✓2)

<latexit sha1_base64="D46K/IdOBOE6ToKaqfKjJm6e058="></latexit>



➤ First order: new cubic terms (tree or loop) 

➤ strongly first order:  

➤ but adding cubic terms in pure h direction results in 
unacceptable changes to SM-like Higgs properties

SINGLET-ASSISTED PHASE TRANSITIONS

h

s

h

s

h

V(h)

v(T⇤)

T⇤
& 1

<latexit sha1_base64="ZX6e2fxENARc6ejGcCGkOrWlIZY=">AAACBXicdVBLSwMxGMzWV62vVY96CBaheii7fdAWPBS8eKzQF3RLyabZNjSbXZJsoSy9ePGvePGgiFf/gzf/jem2gooOJAwz35B844aMSmVZH0ZqbX1jcyu9ndnZ3ds/MA+P2jKIBCYtHLBAdF0kCaOctBRVjHRDQZDvMtJxJ9cLvzMlQtKAN9UsJH0fjTj1KEZKSwPz1PEEwvE01xxcXsxjfc+hM1I64EN7YGatfMnSqMCE2FZRk1qtWi7XoJ23EmTBCo2B+e4MAxz5hCvMkJQ92wpVP0ZCUczIPONEkoQIT9CI9DTlyCeyHydbzOG5VobQC4Q+XMFE/Z6IkS/lzHf1pI/UWP72FuJfXi9SXrUfUx5GinC8fMiLGFQBXFQCh1QQrNhME4QF1X+FeIx0LUoXl9ElfG0K/yftQt4u5gu3pWz9alVHGpyAM5ADNqiAOrgBDdACGNyBB/AEno1749F4MV6XoyljlTkGP2C8fQJNw5fN</latexit>

<latexit sha1_base64="za0Vt+gPyGi9tDtyUN61xrGtL2M=">AAAB63icdVBNS8NAEJ3Ur1q/qh69LBZBPIREW9reil48VmxtoQ1ls920SzebsLsRSuhP8OJBQbz6h7z5b9ymFVT0wcDjvRlm5vkxZ0o7zoeVW1ldW9/Ibxa2tnd294r7B3cqSiShbRLxSHZ9rChngrY105x2Y0lx6HPa8SdXc79zT6VikWjpaUy9EI8ECxjB2ki3rcHZoFhy7LJjUEUZcZ0LQ+r1WqVSR67tZCjBEs1B8b0/jEgSUqEJx0r1XCfWXoqlZoTTWaGfKBpjMsEj2jNU4JAqL81OnaETowxREElTQqNM/T6R4lCpaeibzhDrsfrtzcW/vF6ig5qXMhEnmgqyWBQkHOkIzf9GQyYp0XxqCCaSmVsRGWOJiTbpFEwIX5+i/0nn3HbLtuvelEuNy2UeeTiCYzgFF6rQgGtoQhsIjOABnuDZ4taj9WK9Llpz1nLmEH7AevsEvGSN7g==</latexit>

T⇤



SINGLET-ASSISTED PHASE TRANSITIONS

➤ two-step transition

h

s

h

s

h

s

h

V(h)

ϕ

V(ϕ)

<latexit sha1_base64="za0Vt+gPyGi9tDtyUN61xrGtL2M=">AAAB63icdVBNS8NAEJ3Ur1q/qh69LBZBPIREW9reil48VmxtoQ1ls920SzebsLsRSuhP8OJBQbz6h7z5b9ymFVT0wcDjvRlm5vkxZ0o7zoeVW1ldW9/Ibxa2tnd294r7B3cqSiShbRLxSHZ9rChngrY105x2Y0lx6HPa8SdXc79zT6VikWjpaUy9EI8ECxjB2ki3rcHZoFhy7LJjUEUZcZ0LQ+r1WqVSR67tZCjBEs1B8b0/jEgSUqEJx0r1XCfWXoqlZoTTWaGfKBpjMsEj2jNU4JAqL81OnaETowxREElTQqNM/T6R4lCpaeibzhDrsfrtzcW/vF6ig5qXMhEnmgqyWBQkHOkIzf9GQyYp0XxqCCaSmVsRGWOJiTbpFEwIX5+i/0nn3HbLtuvelEuNy2UeeTiCYzgFF6rQgGtoQhsIjOABnuDZ4taj9WK9Llpz1nLmEH7AevsEvGSN7g==</latexit>

T⇤T > T⇤

<latexit sha1_base64="U+7tYevLfZ+yw+QcIbFIF00DU8w=">AAAB7HicdVBNS8NAEJ34WetX1aOXxSKIh5BoS5uLFL14rNC0hTaUzXbbLt1swu5GKKW/wYsHRbz6g7z5b9ymFVT0wcDjvRlm5oUJZ0o7zoe1srq2vrGZ28pv7+zu7RcODpsqTiWhPol5LNshVpQzQX3NNKftRFIchZy2wvHN3G/dU6lYLBp6ktAgwkPBBoxgbSS/cdXonfcKRccuOQYVlBHXuTTE86rlsodc28lQhCXqvcJ7tx+TNKJCE46V6rhOooMplpoRTmf5bqpogskYD2nHUIEjqoJpduwMnRqljwaxNCU0ytTvE1McKTWJQtMZYT1Sv725+JfXSfWgGkyZSFJNBVksGqQc6RjNP0d9JinRfGIIJpKZWxEZYYmJNvnkTQhfn6L/SfPCdku2d1cq1q6XceTgGE7gDFyoQA1uoQ4+EGDwAE/wbAnr0XqxXhetK9Zy5gh+wHr7BFK/jmc=</latexit>



TWO-STEP PHASE TRANSITION

➤ Consistency conditions for this scenario: 

➤ vacuum stability, 

➤ singlet vacuum is a local minimum at T* 

➤ system is in singlet vacuum, not symmetry-preserving vacuum 
before transition to EW vacuum  

➤ EW vacuum is energetically preferred at critical temp T* 

➤ phase transition successfully completes

V (s0, 0, T > T⇤) < V (0, 0, T > T⇤)
<latexit sha1_base64="dNcagmNJ5fsj4PK73BS3E2zKAJU=">AAACCXicdVDLSgMxFM34rPVVdekmWIQqpWT6oC2IFNy4rNAXtMOQSTNtaCYzJBmhlG7d+CtuXCji1j9w59+YPgQVPdwLh3PuJbnHizhTGqEPa2V1bX1jM7GV3N7Z3dtPHRy2VBhLQpsk5KHseFhRzgRtaqY57USS4sDjtO2NrmZ++5ZKxULR0OOIOgEeCOYzgrWR3BRsZZSLsijbuGy452fwArZgBmWhqYXiptIoV0QGZTgnNioYUq1WSqUqtHNojjRYou6m3nv9kMQBFZpwrFTXRpF2JlhqRjidJnuxohEmIzygXUMFDqhyJvNLpvDUKH3oh9K00HCuft+Y4ECpceCZyQDrofrtzcS/vG6s/YozYSKKNRVk8ZAfc6hDOIsF9pmkRPOxIZhIZv4KyRBLTLQJL2lC+LoU/k9a+ZxdyOVviulabRlHAhyDE5ABNiiDGrgGddAEBNyBB/AEnq1769F6sV4XoyvWcucI/ID19gkFg5V3</latexit>

V (s0, 0, T⇤) > V (0, h0, T⇤)
<latexit sha1_base64="kQMA0M2moFYc+3aqiFQywz7Z7dc=">AAACB3icdZDLSgMxFIYzXmu9VV0KEixClVIyvdB2IwU3Liu000I7DJk0bUMzF5KMUIbu3Pgqblwo4tZXcOfbmE4rqOgPgZ/vnMPJ+d2QM6kQ+jBWVtfWNzZTW+ntnd29/czBoSWDSBDaJgEPRNfFknLm07ZiitNuKCj2XE477uRqXu/cUiFZ4LfUNKS2h0c+GzKClUZO5sTKSQflUb7lXJzDS2jBHMrDsUZwTpxMFhXKSKsKE2Oikjb1eq1SqUOzgBJlwVJNJ/PeHwQk8qivCMdS9kwUKjvGQjHC6SzdjyQNMZngEe1p62OPSjtO7pjBM00GcBgI/XwFE/p9IsaelFPP1Z0eVmP5uzaHf9V6kRrW7Jj5YaSoTxaLhhGHKoDzUOCACUoUn2qDiWD6r5CMscBE6ejSOoSvS+H/xioWzFKheFPONhrLOFLgGJyCHDBBFTTANWiCNiDgDjyAJ/Bs3BuPxovxumhdMZYzR+CHjLdPIoGVCA==</latexit>

V (0, h0, T = 0) < V (s0, 0, T = 0)
<latexit sha1_base64="o+AkU1YZg4MExDupWWHAR2gM8NI=">AAACBnicdVDLSgMxFM34rPU16lKEYBEqlCHTB21BoeDGZYW+oB2GTJppQzMPkoxQSldu/BU3LhRx6ze4829MH4KKHrhwcs695N7jxZxJhdCHsbK6tr6xmdpKb+/s7u2bB4ctGSWC0CaJeCQ6HpaUs5A2FVOcdmJBceBx2vZGVzO/fUuFZFHYUOOYOgEehMxnBCstueZJK4tyQxflGpfoHF7AFsxK/UI5OBNcM4OsItIowzmxUUGTarVSKlWhbaE5MmCJumu+9/oRSQIaKsKxlF0bxcqZYKEY4XSa7iWSxpiM8IB2NQ1xQKUzmZ8xhWda6UM/ErpCBefq94kJDqQcB57uDLAayt/eTPzL6ybKrzgTFsaJoiFZfOQnHKoIzjKBfSYoUXysCSaC6V0hGWKBidLJpXUIX5fC/0krb9kFK39TzNRqyzhS4BicgiywQRnUwDWogyYg4A48gCfwbNwbj8aL8bpoXTGWM0fgB4y3T2wDlKQ=</latexit>

m2
h(s0, 0, T⇤) > 0

<latexit sha1_base64="n2Z8E525bOztqF/bRmFCTGU8V/Y=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUEWGTB+03UjBjcsKfUE7Dpk004ZmHiQZoZRu/BU3LhRx62e4829MH4KKHu6Fwzn3ktzjxZxJhdCHkVpZXVvfSG9mtrZ3dvfM/YOWjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujq5nfvqNCsihsqHFMnQAPQuYzgpWWXPMouM27Q5iTLrqAuhru+Rm8hMg1s8gqIo0ynBMbFTSpViulUhXaFpojC5aou+Z7rx+RJKChIhxL2bVRrJwJFooRTqeZXiJpjMkID2hX0xAHVDqT+QFTeKqVPvQjoTtUcK5+35jgQMpx4OnJAKuh/O3NxL+8bqL8ijNhYZwoGpLFQ37CoYrgLA3YZ4ISxceaYCKY/iskQywwUTqzjA7h61L4P2nlLbtg5W+K2VptGUcaHIMTkAM2KIMauAZ10AQETMEDeALPxr3xaLwYr4vRlLHcOQQ/YLx9At2Yk10=</latexit>



MINIMUM BRANCHING RATIOS

➤ With                , potential at O(g2), above conditions can be 
combined to give (semi-)analytical lower bound on a2:

[Kozaczuk, Ramsey-Musolf, JS]

numerical, O(g2)

numerical, O(g3)

     parameterizes departure 
from thin wall regime; 
value chosen empirically

�

<latexit sha1_base64="N2IWSk1ZHUgzqUhBHuhBC2oL/eo=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU0i0pY2ngh48VrAf0Iay2W7atZts2J0IpfQ/ePGgiFf/jzf/jdu0goo+GHi8N8PMvCARXIPjfFi5ldW19Y38ZmFre2d3r7h/0NIyVZQ1qRRSdQKimeAxawIHwTqJYiQKBGsH48u5375nSnMZ38IkYX5EhjEPOSVgpFbvigkg/WLJscuOQRVnxHXODfG8WqXiYdd2MpTQEo1+8b03kDSNWAxUEK27rpOAPyUKOBVsVuilmiWEjsmQdQ2NScS0P82uneETowxwKJWpGHCmfp+YkkjrSRSYzojASP/25uJfXjeFsOZPeZykwGK6WBSmAoPE89fxgCtGQUwMIVRxcyumI6IIBRNQwYTw9Sn+n7TObLdsezflUv1iGUceHaFjdIpcVEV1dI0aqIkoukMP6Ak9W9J6tF6s10VrzlrOHKIfsN4+Ab10j0A=</latexit>

cos ✓ ⌧ 1

<latexit sha1_base64="E2s6o8F5urj1av4dMQHy7b3TpKg=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5BoSxtXBTcuK9gHNKFMppN26OTBzI1QS7/EjQtF3Pop7vwbp2kFFT1w4XDOvdx7T5AKrsC2P4zC2vrG5lZxu7Szu7dfNg8OOyrJJGVtmohE9gKimOAxawMHwXqpZCQKBOsGk6uF371jUvEkvoVpyvyIjGIeckpASwOz7NFEeTBmQDwhsDMwK7ZVtTXqOCeOfaGJ6zZqNRc7lp2jglZoDcx3b5jQLGIxUEGU6jt2Cv6MSOBUsHnJyxRLCZ2QEetrGpOIKX+WHz7Hp1oZ4jCRumLAufp9YkYipaZRoDsjAmP121uIf3n9DMKGP+NxmgGL6XJRmAkMCV6kgIdcMgpiqgmhkutbMR0TSSjorEo6hK9P8f+kc245Vcu9qVaal6s4iugYnaAz5KA6aqJr1EJtRFGGHtATejbujUfjxXhdthaM1cwR+gHj7ROvVZMd</latexit>

need to say allowed by all exp 
searches (except exo H)



VISIBLE SIGNALS OF FIRST-ORDER PHASE TRANSITIONS

➤ Visible decays: 

➤ Low mass: more work needed (predictions, sensitivities)

[Kozaczuk, Ramsey-Musolf, JS]

forecasts: 

HL/HE WG2 

CMS-PAS-FTR-18-035

Liu, Wang, Zhang



FIRST-ORDER PHASE TRANSITIONS AND EXO H DECAYS

➤ Invisible decays:

[Kozaczuk, Ramsey-Musolf, JS]

forecasts: 

HL/HE WG2 

de Blas et al.



FIRST-ORDER PHASE TRANSITIONS AND HEAVY SCALARS

➤ Heavier states:

[Curtin, Meade, Yu]


