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Beginnings

→ São Paulo (Éboli) 
→ Heidelberg (PhD with Plehn)
→ IPPP-Durham (PostDoc)
→ Pittsburgh (PostDoc 2016-2019)

“Tao is great! I’ve had 
a lot of fun with him!”
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Off-Shell Higgs Production

mh 2mZ 2mt m4l

L. Gonçalves

Since                            one naively expects very small off-shell rates�H/mH ⇠ 3⇥ 10�5

2mZ and 2mt thresholds

Spectacular fail of the NWA:

Interference gg→H*→ZZ with background gg→ZZ

Kauer, Passarino ‘12
σoff-shell

h*→4ℓ

σon-shell
h→4ℓ

∼ 10 %
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TeV�1 ⇠ 10�17cm

Dorival Gonçalves

Off-Shell Higgs Production

mh 2mZ 2mt m4l

m�1
h ⇠ 10�16cm

L. Gonçalves

Caola, Melnikov ‘13

Off-shell Higgs carries information on the H couplings at different energy scales
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mh 2mZ 2mt m4l

Off-shell Higgs carries information on the H couplings at different energy scales

L. Gonçalves

⇤

LEFT = LSM + ⌃
ci
⇤2

Oi BSM 
explicit 
model

DG, Han, Mukhopadhyay (PRL ’17)
DG, Han, Mukhopadhyay (PRD ’18)

Off-Shell Higgs Production

What is the new physics scale?
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Hidden states could show up in the scale dependence of Higgs couplings, 
or more broadly in Higgs production processes through quantum corrections

mh>2mS: strong sensitivity 

mh<2mS: sensitivity suppressed

SM Dark 
sector

h S

S

mh 2mZ 2mt

L. Gonçalves

m4l
2mS

DG, Han, Mukhopadhyay (PRL ’17)
DG, Han, Mukhopadhyay (PRD ’18)

Eboli, Zeppenfeld 2020

Off-Shell Higgs Production
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mh 2mZ 2mt m4l

L. Gonçalves

Off-Shell Higgs Production

The off-shell opens new paths for new physics searches:

Hidden states through quantum corrections, e.g., Higgs portal

Weakly coupled scenario: RG evolution

Strong coupled scenario

EFT

New channels:  ( )h* → 2ℓ2ν mT,ZZ

DG, Han, Mukhopadhyay PRL ’17
DG, Han, Mukhopadhyay ’18
DG, Han, Leung, Qin ’20
DG, Han, Leung, Qin ‘21

Higgs width measurement

TaoFest - 05.15.2026
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Experimental Status

TaoFest - 05.15.2026

2409.13663 ATL-PHYS-PUB-2023-012

68% CL 95% CL
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Unique opportunity for precision measurement of the Higgs potential 
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Future Colliders 

DG, Han, Kling, Plehn, Takeuchi (2018)
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mhh shape analysis removes degeneracies from rate-based measurement           symmetric error bars
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FCC Timeline

TaoFest - 05.15.2026

For more details, see Marcela’s talk at Pheno
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Thermal history of our Universe

What is the order of the Electroweak Phase Transition?

illustration A. Long
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Higgs Potential: Collider & GW Complementarity

For T* ~ 100 GeV, GW frequency (redshifted to today) ~ mHz
Signal in sensitivity band of future space-based GW detector LISA 

TaoFest - 05.15.2026
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Strong first-order phase transition
in the 2HDM

<latexit sha1_base64="gFgVDkedmZbE7UdDnK75n/oMU3s=">AAACInicbVC5TsNAEF1zE64AJc2KCIkqshHi6BA0FBQgyCGFKBpvxsmK9a61O46IIr6Fhl+hoQABFRIfg+Ok4HrNPL03o5l5YaKkI9//8CYmp6ZnZufmCwuLS8srxdW1qjOpFVgRRhlbD8GhkhorJElhPbEIcaiwFt6cDP1aD62TRl9RP8FmDB0tIymAMqlVPLwka3SH4y1Z4LEh2csdHhnLnQAFWUGwoouOA3HqIj87PeGFQqtY8st+Dv6XBGNSYmOct4pv120j0hg1CQXONQI/oeYALEmh8K5wnTpMQNxABxsZ1RCjaw7yF+/4Vqa086Mio4nn6veJAcTO9eMw64yBuu63NxT/8xopRQfNgdRJSqjFaFGUKk6GD/PibWlRkOpnBISV2a1cdMGCoCzVYQjB75f/kupOOdgr717slI6Ox3HMsQ22ybZZwPbZETtl56zCBLtnj+yZvXgP3pP36r2PWie88cw6+wHv8wuiv6MD</latexit>

Strong extra motivation for scalar searches at the LHC

<latexit sha1_base64="GzGLUZEP4kN1hfzOkTHgsVwn1BA=">AAACFXicbVA9SwNBEN2LXzF+RS1tFoNgIeFO/KpEtDClgkmEXAh7m0myZPfu2J1Tw5H8CBv/io2FIraCnf/GTUyh0QcDj/dmmJkXxFIYdN1PJzM1PTM7l53PLSwuLa/kV9cqJko0hzKPZKSvA2ZAihDKKFDCdayBqUBCNeieDf3qDWgjovAKezHUFWuHoiU4Qys18jv+nTj2Br4W7Q4yraPbgWqUfAnGGKHo4b478BHuMD2HSr+RL7hFdwT6l3hjUiBjXDTyH34z4omCELlkxtQ8N8Z6yjQKLqGf8xMDMeNd1oaapSFTYOrp6Ks+3bJKk7YibStEOlJ/TqRMGdNTge1UDDtm0huK/3m1BFtH9VSEcYIQ8u9FrURSjOgwItoUGjjKniWMa2FvpbzDNONog8zZELzJl/+Sym7ROyjuXe4VTk7HcWTJBtkk28Qjh+SElMgFKRNO7skjeSYvzoPz5Lw6b9+tGWc8s05+wXn/Ajovn34=</latexit>

⇠ > 1 ! mH . 750 GeV

<latexit sha1_base64="Ulkvid1UBBCQzfXuOM/w5bpmjTY=">AAACLnicbZDLSgMxFIYz3q23qks3wSK4kDJT8IIrUQSXCq0W2lIy6WknNJMMyRlhKD6RG19FF4KKuPUxTKez8HYg8OX/zyEnf5hIYdH3X7yp6ZnZufmFxdLS8srqWnl949rq1HBocC21aYbMghQKGihQQjMxwOJQwk04PBv7N7dgrNCqjlkCnZgNlOgLztBJ3fJ5PUvcRcrsmGIENBKDCEyO2vQcJcywGBDMXi5K52PRYMBqxRSHUrdc8at+XvQvBAVUSFGX3fJTu6d5GoNCLpm1rcBPsDNiBgWXcFdqpxYSxodsAC2Hyq1gO6P8u3d0xyk92tfGHYU0V79PjFhsbRaHrjNmGNnf3lj8z2ul2D/qjIRKUgTFJw/1U0lR03F2tCcMcJSZA8aNcLtSHrl8uEvEjkMIfn/5L1zXqsFBdf+qVjk5LeJYIFtkm+ySgBySE3JBLkmDcHJPHskrefMevGfv3fuYtE55xcwm+VHe5xdTuqi1</latexit>

Typically: the higher the order parameter, the lighter the resonance

Gonçalves, Kaladharan, Wu ’21
Gonçalves, Kaladharan, Wu '25

See also Baum, Carena, Shah, Wagner, Wang ’20; Bittar, Roy, Wagner ‘25
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<latexit sha1_base64="NyW2dj+Jpau3LeMjCulZOlmfXcE="></latexit>

mH < mH± ⇡ mA: most favorable region for SFOEWPT
<latexit sha1_base64="ggITIVX6mqWcXjRZWijt2jj0ik0=">AAACE3icbVBNS0JBFJ3Xp9mX1bLNkAbRQt6TqJZmEG4Co8xIRe4brzk4b95jZp4g4n9o019p06KItm3a9W8aPxalHRg4nHMvd87xI8G1cd1vZ25+YXFpObGSXF1b39hMbW3f6jBWDMssFKG680Gj4BLLhhuBd5FCCHyBFb9zPvQrXVSah/LG9CKsB/AgeYszMFZqpA4voBsqTQvXl1QjKNZGTbscaOasZkJ6X8xQ1gYpUdBGKu1m3RHoLPEmJE0mKDVSX7VmyOIApWECtK56bmTqfVCGM4GDZC3WGAHrwANWLZUQoK73R5kGdN8qTdoKlX3S0JH6e6MPgda9wLeTAZi2nvaG4n9eNTat03qfyyg2KNn4UCsW1KYdFkSbXCEzomcJMMXtX4cNKGDG1pi0JXjTkWfJbS7rHWePrnLpfGFSR4Lskj1yQDxyQvKkSEqkTBh5JM/klbw5T86L8+58jEfnnMnODvkD5/MHAkucWg==</latexit>

Favors BSM searches via A ! ZH channel

Mass Hierarchy for strong 
first-order phase transition 

Due to the preference for large mass hierarchy among the scalar modes, it is likely that at least one 
of the scalar states be above the top-quark pair threshold: Favors gg→H/A→tt searches 
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New physics is not simply new particles
New physics is new phenomena



Dorival Gonçalves TaoFest - 05.15.2026

Experimental Observation
Two-qubit entanglement:
 First observation of entanglement in a pair of 
quarks and the highest-energy observation

Dilepton channel at tt threshold 
Afik, Nova ’21, Severi, Boschi, Maltoni, Sioli ’21…
ATLAS Nature vol 633, 542–547 (2024), CMS 2406.03976

Lepton+jets channel at boosted regime: CMS 2409.11067
Dong, DG, Kong, Navarro ‘23; Han, Low, Wu ‘23Entanglement above 5σ level, in agreement with theory expectations: 

Hadronic top quark polarimetry with ML: Dong, DG, Kong, Larkoski, Navarro ‘25

See talks by F. Maltoni & R. Demina at Pheno2026
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Experimental Observation
Two-qubit entanglement:
 First observation of entanglement in a pair of 
quarks and the highest-energy observation

<latexit sha1_base64="QLTsIR8A2ohBRs96jO8JJTHrD6I=">AAAB8HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSmtZb0YvHCrZV2lA22027dHcTdjdCCf0VXjwo4tWf481/46atoKIPBh7vzTAzL0wYVdpxPqzCyura+kZxs7S1vbO7V94/6Kg4lZi0ccxieRsiRRgVpK2pZuQ2kQTxkJFuOLnM/e49kYrG4kZPExJwNBI0ohhpI91Vbb+v6IijQbni2OcN3zvzoGM7Tt2r+jnx6jWvCl2j5KiAJVqD8nt/GOOUE6ExQ0r1XCfRQYakppiRWamfKpIgPEEj0jNUIE5UkM0PnsETowxhFEtTQsO5+n0iQ1ypKQ9NJ0d6rH57ufiX10t11AgyKpJUE4EXi6KUQR3D/Hs4pJJgzaaGICypuRXiMZIIa5NRyYTw9Sn8n3Q82/Vt/7pWaV4s4yiCI3AMToEL6qAJrkALtAEGHDyAJ/BsSevRerFeF60FazlzCH7AevsEWsKQJw==</latexit>

3.6�

<latexit sha1_base64="8rN9YXVmvWSwIiNAMrjTfSr7DSc=">AAAB8HicdVBNSwMxEJ2tX7V+VT16CRbB07JbZG1vRS8eK9haaZeSTbNtaJJdkqxQSn+FFw+KePXnePPfmG0rqOiDgcd7M8zMi1LOtPG8D6ewsrq2vlHcLG1t7+zulfcP2jrJFKEtkvBEdSKsKWeStgwznHZSRbGIOL2Nxpe5f3tPlWaJvDGTlIYCDyWLGcHGSneB6/c0GwrcL1c817MIApQTv+b5ltTrtWq1jvy55XkVWKLZL7/3BgnJBJWGcKx11/dSE06xMoxwOiv1Mk1TTMZ4SLuWSiyoDqfzg2foxCoDFCfKljRorn6fmGKh9UREtlNgM9K/vVz8y+tmJq6FUybTzFBJFovijCOToPx7NGCKEsMnlmCimL0VkRFWmBibUcmG8PUp+p+0q64fuMH1WaVxsYyjCEdwDKfgwzk04Aqa0AICAh7gCZ4d5Tw6L87rorXgLGcO4Qect09MEJAe</latexit>

6.1�

Predictions and measurements are far 
off at low mass region (signal region) 

Dilepton channel at tt threshold 
Afik, Nova ’21, Severi, Boschi, Maltoni, Sioli ’21…
ATLAS Nature vol 633, 542–547 (2024), CMS 2406.03976

Lepton+jets channel at boosted regime: CMS 2409.11067
Entanglement above 5σ level, in agreement with theory expectations: 

Hadronic top quark polarimetry with ML: Dong, DG, Kong, Larkoski, Navarro ‘25

See talks by F. Maltoni & R. Demina at Pheno2026

Dong, DG, Kong, Navarro ‘23; Han, Low, Wu ‘23
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Theory effort to better understand the threshold region 
and improve MC adding non-relativistic approximation

Fuks,Hagiwara,Ma,Zheng ’24
Nason, Re, Rottoli ’25…

arXiv:2503.22382

Observation of new (SM) physics
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What I learned from Tao’s style of phenomenology

We need to work as a community to succeed

Keep a broad scientific curiosity (especially when going out for drinks)

Get closer to data: new physics is not simply new particles. New physics is new phenomena
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Many of us have benefited enormously from Tao’s scientific vision, generosity, 
and ability to build the community. I am certainly one of them

Thank you, Tao!


