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Higgs Boson
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Higgs discovery completes the standard model spectrum

Given Higgs mass, all parameters in Higgs sector are predicted! 



Jiang-Hao Yu

Known Known
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Higgs couplings to gauge boson and fermion are measured 

Any deviation from the SM in the Higgs sector is new physics!
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Known Unknown
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Higgs self coupling is not yet determined 

Shape of Higgs potential could be different from the SM!
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Higgs Portal to New Physics
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Top-down approach: new physics models

Bottom-up approach: Higgs effective field theory (HEFT)
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Scale of New Physics
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Integrate out TeV heavy states
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Electroweak symmetry breaking
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SMEFT Framework
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Higgs potential in SM Higgs potential in SMEFT

How to generate (H
†
H)

3
operator?
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Scalar Extension Fermion Extension Gauge Extension

Higgs Singlet

Higgs Doublet

Higgs Triplet

Minimal Dark Matter

Type-II seesaw

Type-I seesaw

Vectorlike fermion

Singlet-doublet dark matter

Heavy 4th gen.

U(1) extensions

SU(2) extensions

G331

Pati-Salam

GUT

Vectorlike top

… … …
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Scalar Extension

Tree level generate?

Scalar singlet

Group theory?

2HDM Triplet/Seesaw Quadruplet

Scalar Extension

Gauge ExtensionFermion Extension

[Corbett, Joglekar, Li, Yu, 2018] 

H
†
HH

†
S

H
†
HS, H

T
HS

S = s,
1p
2
(s+ ia)
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Scalar singlet 2HDM Triplet/Seesaw Quadruplet

Integrate out heavy scalars

EWPT and Single Higgs data 

gHSH
†
HS

<latexit sha1_base64="Iqmu64SP/4hvFqhCKKrGU5AzLWw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIoMuimywrtQ9oY5hMbtKhkwczE6GG4q+4caGIW//DnX/j9LHQ1gMXDufcy733+BlnUlnWt1FaWV1b3yhvVra2d3b3zP2DtkxzQaFFU56Krk8kcJZASzHFoZsJILHPoeMPbyZ+5wGEZGlyp0YZuDGJEhYySpSWPPMo8gqnOcbOfT8gUQQCO7jpmVWrZk2Bl4k9J1U0R8Mzv/pBSvMYEkU5kbJnW5lyCyIUoxzGlX4uISN0SCLoaZqQGKRbTK8f41OtBDhMha5E4an6e6IgsZSj2NedMVEDuehNxP+8Xq7CK7dgSZYrSOhsUZhzrFI8iQIHTABVfKQJoYLpWzEdEEGo0oFVdAj24svLpH1es62afXtRrV/P4yijY3SCzpCNLlEdOaiBWoiiR/SMXtGb8WS8GO/Gx6y1ZMxnDtEfGJ8/5pmUMw==</latexit><latexit sha1_base64="Iqmu64SP/4hvFqhCKKrGU5AzLWw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIoMuimywrtQ9oY5hMbtKhkwczE6GG4q+4caGIW//DnX/j9LHQ1gMXDufcy733+BlnUlnWt1FaWV1b3yhvVra2d3b3zP2DtkxzQaFFU56Krk8kcJZASzHFoZsJILHPoeMPbyZ+5wGEZGlyp0YZuDGJEhYySpSWPPMo8gqnOcbOfT8gUQQCO7jpmVWrZk2Bl4k9J1U0R8Mzv/pBSvMYEkU5kbJnW5lyCyIUoxzGlX4uISN0SCLoaZqQGKRbTK8f41OtBDhMha5E4an6e6IgsZSj2NedMVEDuehNxP+8Xq7CK7dgSZYrSOhsUZhzrFI8iQIHTABVfKQJoYLpWzEdEEGo0oFVdAj24svLpH1es62afXtRrV/P4yijY3SCzpCNLlEdOaiBWoiiR/SMXtGb8WS8GO/Gx6y1ZMxnDtEfGJ8/5pmUMw==</latexit><latexit sha1_base64="Iqmu64SP/4hvFqhCKKrGU5AzLWw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIoMuimywrtQ9oY5hMbtKhkwczE6GG4q+4caGIW//DnX/j9LHQ1gMXDufcy733+BlnUlnWt1FaWV1b3yhvVra2d3b3zP2DtkxzQaFFU56Krk8kcJZASzHFoZsJILHPoeMPbyZ+5wGEZGlyp0YZuDGJEhYySpSWPPMo8gqnOcbOfT8gUQQCO7jpmVWrZk2Bl4k9J1U0R8Mzv/pBSvMYEkU5kbJnW5lyCyIUoxzGlX4uISN0SCLoaZqQGKRbTK8f41OtBDhMha5E4an6e6IgsZSj2NedMVEDuehNxP+8Xq7CK7dgSZYrSOhsUZhzrFI8iQIHTABVfKQJoYLpWzEdEEGo0oFVdAj24svLpH1es62afXtRrV/P4yijY3SCzpCNLlEdOaiBWoiiR/SMXtGb8WS8GO/Gx6y1ZMxnDtEfGJ8/5pmUMw==</latexit><latexit sha1_base64="Iqmu64SP/4hvFqhCKKrGU5AzLWw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIoMuimywrtQ9oY5hMbtKhkwczE6GG4q+4caGIW//DnX/j9LHQ1gMXDufcy733+BlnUlnWt1FaWV1b3yhvVra2d3b3zP2DtkxzQaFFU56Krk8kcJZASzHFoZsJILHPoeMPbyZ+5wGEZGlyp0YZuDGJEhYySpSWPPMo8gqnOcbOfT8gUQQCO7jpmVWrZk2Bl4k9J1U0R8Mzv/pBSvMYEkU5kbJnW5lyCyIUoxzGlX4uISN0SCLoaZqQGKRbTK8f41OtBDhMha5E4an6e6IgsZSj2NedMVEDuehNxP+8Xq7CK7dgSZYrSOhsUZhzrFI8iQIHTABVfKQJoYLpWzEdEEGo0oFVdAj24svLpH1es62afXtRrV/P4yijY3SCzpCNLlEdOaiBWoiiR/SMXtGb8WS8GO/Gx6y1ZMxnDtEfGJ8/5pmUMw==</latexit>

[Corbett, Joglekar, Li, Yu, 2018] 

gH
T
H�

<latexit sha1_base64="JgKC3rDg2A5ZI1Idd1inO8Ixpus=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9BjUQ44R8oJkE2Ynk2TI7Owy06uEJf/hxYMiXv0Xb/6Nk2QPmljQUFR1090VxFIYdN1vZ219Y3NrO7eT393bPzgsHB03TJRoxusskpFuBdRwKRSvo0DJW7HmNAwkbwbju5nffOTaiEjVcBJzP6RDJQaCUbRSd0gq3RqpkM49l0h7haJbcucgq8TLSBEyVHuFr04/YknIFTJJjWl7box+SjUKJvk030kMjykb0yFvW6poyI2fzq+eknOr9Mkg0rYUkrn6eyKloTGTMLCdIcWRWfZm4n9eO8HBjZ8KFSfIFVssGiSSYERmEZC+0JyhnFhCmRb2VsJGVFOGNqi8DcFbfnmVNC5LnlvyHq6K5dssjhycwhlcgAfXUIYKVKEODDQ8wyu8OU/Oi/PufCxa15xs5gT+wPn8AbI/kVU=</latexit><latexit sha1_base64="JgKC3rDg2A5ZI1Idd1inO8Ixpus=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9BjUQ44R8oJkE2Ynk2TI7Owy06uEJf/hxYMiXv0Xb/6Nk2QPmljQUFR1090VxFIYdN1vZ219Y3NrO7eT393bPzgsHB03TJRoxusskpFuBdRwKRSvo0DJW7HmNAwkbwbju5nffOTaiEjVcBJzP6RDJQaCUbRSd0gq3RqpkM49l0h7haJbcucgq8TLSBEyVHuFr04/YknIFTJJjWl7box+SjUKJvk030kMjykb0yFvW6poyI2fzq+eknOr9Mkg0rYUkrn6eyKloTGTMLCdIcWRWfZm4n9eO8HBjZ8KFSfIFVssGiSSYERmEZC+0JyhnFhCmRb2VsJGVFOGNqi8DcFbfnmVNC5LnlvyHq6K5dssjhycwhlcgAfXUIYKVKEODDQ8wyu8OU/Oi/PufCxa15xs5gT+wPn8AbI/kVU=</latexit><latexit sha1_base64="JgKC3rDg2A5ZI1Idd1inO8Ixpus=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9BjUQ44R8oJkE2Ynk2TI7Owy06uEJf/hxYMiXv0Xb/6Nk2QPmljQUFR1090VxFIYdN1vZ219Y3NrO7eT393bPzgsHB03TJRoxusskpFuBdRwKRSvo0DJW7HmNAwkbwbju5nffOTaiEjVcBJzP6RDJQaCUbRSd0gq3RqpkM49l0h7haJbcucgq8TLSBEyVHuFr04/YknIFTJJjWl7box+SjUKJvk030kMjykb0yFvW6poyI2fzq+eknOr9Mkg0rYUkrn6eyKloTGTMLCdIcWRWfZm4n9eO8HBjZ8KFSfIFVssGiSSYERmEZC+0JyhnFhCmRb2VsJGVFOGNqi8DcFbfnmVNC5LnlvyHq6K5dssjhycwhlcgAfXUIYKVKEODDQ8wyu8OU/Oi/PufCxa15xs5gT+wPn8AbI/kVU=</latexit><latexit sha1_base64="JgKC3rDg2A5ZI1Idd1inO8Ixpus=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9BjUQ44R8oJkE2Ynk2TI7Owy06uEJf/hxYMiXv0Xb/6Nk2QPmljQUFR1090VxFIYdN1vZ219Y3NrO7eT393bPzgsHB03TJRoxusskpFuBdRwKRSvo0DJW7HmNAwkbwbju5nffOTaiEjVcBJzP6RDJQaCUbRSd0gq3RqpkM49l0h7haJbcucgq8TLSBEyVHuFr04/YknIFTJJjWl7box+SjUKJvk030kMjykb0yFvW6poyI2fzq+eknOr9Mkg0rYUkrn6eyKloTGTMLCdIcWRWfZm4n9eO8HBjZ8KFSfIFVssGiSSYERmEZC+0JyhnFhCmRb2VsJGVFOGNqi8DcFbfnmVNC5LnlvyHq6K5dssjhycwhlcgAfXUIYKVKEODDQ8wyu8OU/Oi/PufCxa15xs5gT+wPn8AbI/kVU=</latexit>

Di-Higgs
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Constraints on EFT operators Model Parameters
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EWPT and Single Higgs data put constraints on di-Higgs cross section

[Corbett, Joglekar, Li, Yu, 2018] Excluded by flavor physics
<latexit sha1_base64="zByVfKWgiDcrszTaPPrH2/ymUUw=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVZJudFkUwWUF+4A2lMlk0g6dTMLMpBhCwY2/4saFIm79CXf+jdM2C209q8M593LvOX7CmdKO822trK6tb2yWtsrbO7t7+/bBYUvFqSS0SWIey46PFeVM0KZmmtNOIimOfE7b/uh66rfHVCoWi3udJdSL8ECwkBGsjdS3j28eCE8DGiA/QyHH41iiZJgpRlTfrjhVZwa0TNyCVKBAo29/9YKYpBEVmnCsVNd1Eu3lWGpGOJ2Ue6miCSYjPKBdQwWOqPLyWYYJOjNKgEJzPoyFRjP190aOI6WyyDeTEdZDtehNxf+8bqrDSy9nIkk1FWR+KEw50jGaFoICJinRPDMEE8nMr4gMscREm9rKpgR3MfIyadWqrlN172qV+lVRRwlO4BTOwYULqMMtNKAJBB7hGV7hzXqyXqx362M+umIVO0fwB9bnD9j7l6M=</latexit><latexit sha1_base64="zByVfKWgiDcrszTaPPrH2/ymUUw=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVZJudFkUwWUF+4A2lMlk0g6dTMLMpBhCwY2/4saFIm79CXf+jdM2C209q8M593LvOX7CmdKO822trK6tb2yWtsrbO7t7+/bBYUvFqSS0SWIey46PFeVM0KZmmtNOIimOfE7b/uh66rfHVCoWi3udJdSL8ECwkBGsjdS3j28eCE8DGiA/QyHH41iiZJgpRlTfrjhVZwa0TNyCVKBAo29/9YKYpBEVmnCsVNd1Eu3lWGpGOJ2Ue6miCSYjPKBdQwWOqPLyWYYJOjNKgEJzPoyFRjP190aOI6WyyDeTEdZDtehNxf+8bqrDSy9nIkk1FWR+KEw50jGaFoICJinRPDMEE8nMr4gMscREm9rKpgR3MfIyadWqrlN172qV+lVRRwlO4BTOwYULqMMtNKAJBB7hGV7hzXqyXqx362M+umIVO0fwB9bnD9j7l6M=</latexit><latexit sha1_base64="zByVfKWgiDcrszTaPPrH2/ymUUw=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVZJudFkUwWUF+4A2lMlk0g6dTMLMpBhCwY2/4saFIm79CXf+jdM2C209q8M593LvOX7CmdKO822trK6tb2yWtsrbO7t7+/bBYUvFqSS0SWIey46PFeVM0KZmmtNOIimOfE7b/uh66rfHVCoWi3udJdSL8ECwkBGsjdS3j28eCE8DGiA/QyHH41iiZJgpRlTfrjhVZwa0TNyCVKBAo29/9YKYpBEVmnCsVNd1Eu3lWGpGOJ2Ue6miCSYjPKBdQwWOqPLyWYYJOjNKgEJzPoyFRjP190aOI6WyyDeTEdZDtehNxf+8bqrDSy9nIkk1FWR+KEw50jGaFoICJinRPDMEE8nMr4gMscREm9rKpgR3MfIyadWqrlN172qV+lVRRwlO4BTOwYULqMMtNKAJBB7hGV7hzXqyXqx362M+umIVO0fwB9bnD9j7l6M=</latexit><latexit sha1_base64="zByVfKWgiDcrszTaPPrH2/ymUUw=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVZJudFkUwWUF+4A2lMlk0g6dTMLMpBhCwY2/4saFIm79CXf+jdM2C209q8M593LvOX7CmdKO822trK6tb2yWtsrbO7t7+/bBYUvFqSS0SWIey46PFeVM0KZmmtNOIimOfE7b/uh66rfHVCoWi3udJdSL8ECwkBGsjdS3j28eCE8DGiA/QyHH41iiZJgpRlTfrjhVZwa0TNyCVKBAo29/9YKYpBEVmnCsVNd1Eu3lWGpGOJ2Ue6miCSYjPKBdQwWOqPLyWYYJOjNKgEJzPoyFRjP190aOI6WyyDeTEdZDtehNxf+8bqrDSy9nIkk1FWR+KEw50jGaFoICJinRPDMEE8nMr4gMscREm9rKpgR3MfIyadWqrlN172qV+lVRRwlO4BTOwYULqMMtNKAJBB7hGV7hzXqyXqx362M+umIVO0fwB9bnD9j7l6M=</latexit>

tan
�
to
o
large

<latexit sha1_base64="gJY19juNtiqAptSkIIouBXfs8KA=">AAACDHicbVC7TsNAEDzzDOEVoKQ5kSBRRTYNlBE0lEEiASm20PqySU6cz9bdGimy8gE0/AoNBQjR8gF0/A2X4ILXSCeNZmf3difOlLTk+x/e3PzC4tJyZaW6ura+sVnb2u7aNDcCOyJVqbmKwaKSGjskSeFVZhCSWOFlfHM6rV/eorEy1Rc0zjBKYKjlQAogJ13X6uFsRiHGoCdFIyTQYYwEDU5pyhWYIU6cy2/6M/C/JChJnZVoX9few34q8gQ1CQXW9gI/o6gAQ1IonFTD3GIG4gaG2HNUQ4I2KmaLTPi+U/p8kBr3NPGZ+r2jgMTacRI7ZwI0sr9rU/G/Wi+nwXFUSJ3lhFp8fTTIlTuUT5PhfWlQkBo7AsJItysXIzAgyOVXdSEEv0/+S7qHzcBvBueH9dZJGUeF7bI9dsACdsRa7Iy1WYcJdsce2BN79u69R+/Fe/2yznllzw77Ae/tExOfm5k=</latexit><latexit sha1_base64="gJY19juNtiqAptSkIIouBXfs8KA=">AAACDHicbVC7TsNAEDzzDOEVoKQ5kSBRRTYNlBE0lEEiASm20PqySU6cz9bdGimy8gE0/AoNBQjR8gF0/A2X4ILXSCeNZmf3difOlLTk+x/e3PzC4tJyZaW6ura+sVnb2u7aNDcCOyJVqbmKwaKSGjskSeFVZhCSWOFlfHM6rV/eorEy1Rc0zjBKYKjlQAogJ13X6uFsRiHGoCdFIyTQYYwEDU5pyhWYIU6cy2/6M/C/JChJnZVoX9few34q8gQ1CQXW9gI/o6gAQ1IonFTD3GIG4gaG2HNUQ4I2KmaLTPi+U/p8kBr3NPGZ+r2jgMTacRI7ZwI0sr9rU/G/Wi+nwXFUSJ3lhFp8fTTIlTuUT5PhfWlQkBo7AsJItysXIzAgyOVXdSEEv0/+S7qHzcBvBueH9dZJGUeF7bI9dsACdsRa7Iy1WYcJdsce2BN79u69R+/Fe/2yznllzw77Ae/tExOfm5k=</latexit><latexit sha1_base64="gJY19juNtiqAptSkIIouBXfs8KA=">AAACDHicbVC7TsNAEDzzDOEVoKQ5kSBRRTYNlBE0lEEiASm20PqySU6cz9bdGimy8gE0/AoNBQjR8gF0/A2X4ILXSCeNZmf3difOlLTk+x/e3PzC4tJyZaW6ura+sVnb2u7aNDcCOyJVqbmKwaKSGjskSeFVZhCSWOFlfHM6rV/eorEy1Rc0zjBKYKjlQAogJ13X6uFsRiHGoCdFIyTQYYwEDU5pyhWYIU6cy2/6M/C/JChJnZVoX9few34q8gQ1CQXW9gI/o6gAQ1IonFTD3GIG4gaG2HNUQ4I2KmaLTPi+U/p8kBr3NPGZ+r2jgMTacRI7ZwI0sr9rU/G/Wi+nwXFUSJ3lhFp8fTTIlTuUT5PhfWlQkBo7AsJItysXIzAgyOVXdSEEv0/+S7qHzcBvBueH9dZJGUeF7bI9dsACdsRa7Iy1WYcJdsce2BN79u69R+/Fe/2yznllzw77Ae/tExOfm5k=</latexit><latexit sha1_base64="gJY19juNtiqAptSkIIouBXfs8KA=">AAACDHicbVC7TsNAEDzzDOEVoKQ5kSBRRTYNlBE0lEEiASm20PqySU6cz9bdGimy8gE0/AoNBQjR8gF0/A2X4ILXSCeNZmf3difOlLTk+x/e3PzC4tJyZaW6ura+sVnb2u7aNDcCOyJVqbmKwaKSGjskSeFVZhCSWOFlfHM6rV/eorEy1Rc0zjBKYKjlQAogJ13X6uFsRiHGoCdFIyTQYYwEDU5pyhWYIU6cy2/6M/C/JChJnZVoX9few34q8gQ1CQXW9gI/o6gAQ1IonFTD3GIG4gaG2HNUQ4I2KmaLTPi+U/p8kBr3NPGZ+r2jgMTacRI7ZwI0sr9rU/G/Wi+nwXFUSJ3lhFp8fTTIlTuUT5PhfWlQkBo7AsJItysXIzAgyOVXdSEEv0/+S7qHzcBvBueH9dZJGUeF7bI9dsACdsRa7Iy1WYcJdsce2BN79u69R+/Fe/2yznllzw77Ae/tExOfm5k=</latexit>

tan� too small
<latexit sha1_base64="UIfEJ3DBvQRcSUDUNRrtjgmQZ5M=">AAACDHicbVC7TgMxEPTxDOEVoKSxSJCoors0UEbQUAaJPKTcKdpznMSKz3ey95CiUz6Ahl+hoQAhWj6Ajr/BSa6AhJEsjWZn17sTJlIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuhGC4FIo3UaDknURziELJ2+H4ZlZvP3BtRKzucZLwIIKhEgPBAK3UK5X9+YyMTUBNs4qPoPyQI1QoxjE1EUg5tS636s5BV4mXkzLJ0eiVvvx+zNKIK2QSjOl6boJBBhoFk3xa9FPDE2BjGPKupQoiboJsvsiUnlulTwextk8hnau/OzKIjJlEoXVGgCOzXJuJ/9W6KQ6ugkyoJEWu2OKjQSrtoXSWDO0LzRnKiSXAtLC7UjYCDQxtfkUbgrd88ipp1aqeW/XuauX6dR5HgZySM3JBPHJJ6uSWNEiTMPJInskreXOenBfn3flYWNecvOeE/IHz+QMpCJun</latexit><latexit sha1_base64="UIfEJ3DBvQRcSUDUNRrtjgmQZ5M=">AAACDHicbVC7TgMxEPTxDOEVoKSxSJCoors0UEbQUAaJPKTcKdpznMSKz3ey95CiUz6Ahl+hoQAhWj6Ajr/BSa6AhJEsjWZn17sTJlIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuhGC4FIo3UaDknURziELJ2+H4ZlZvP3BtRKzucZLwIIKhEgPBAK3UK5X9+YyMTUBNs4qPoPyQI1QoxjE1EUg5tS636s5BV4mXkzLJ0eiVvvx+zNKIK2QSjOl6boJBBhoFk3xa9FPDE2BjGPKupQoiboJsvsiUnlulTwextk8hnau/OzKIjJlEoXVGgCOzXJuJ/9W6KQ6ugkyoJEWu2OKjQSrtoXSWDO0LzRnKiSXAtLC7UjYCDQxtfkUbgrd88ipp1aqeW/XuauX6dR5HgZySM3JBPHJJ6uSWNEiTMPJInskreXOenBfn3flYWNecvOeE/IHz+QMpCJun</latexit><latexit sha1_base64="UIfEJ3DBvQRcSUDUNRrtjgmQZ5M=">AAACDHicbVC7TgMxEPTxDOEVoKSxSJCoors0UEbQUAaJPKTcKdpznMSKz3ey95CiUz6Ahl+hoQAhWj6Ajr/BSa6AhJEsjWZn17sTJlIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuhGC4FIo3UaDknURziELJ2+H4ZlZvP3BtRKzucZLwIIKhEgPBAK3UK5X9+YyMTUBNs4qPoPyQI1QoxjE1EUg5tS636s5BV4mXkzLJ0eiVvvx+zNKIK2QSjOl6boJBBhoFk3xa9FPDE2BjGPKupQoiboJsvsiUnlulTwextk8hnau/OzKIjJlEoXVGgCOzXJuJ/9W6KQ6ugkyoJEWu2OKjQSrtoXSWDO0LzRnKiSXAtLC7UjYCDQxtfkUbgrd88ipp1aqeW/XuauX6dR5HgZySM3JBPHJJ6uSWNEiTMPJInskreXOenBfn3flYWNecvOeE/IHz+QMpCJun</latexit><latexit sha1_base64="UIfEJ3DBvQRcSUDUNRrtjgmQZ5M=">AAACDHicbVC7TgMxEPTxDOEVoKSxSJCoors0UEbQUAaJPKTcKdpznMSKz3ey95CiUz6Ahl+hoQAhWj6Ajr/BSa6AhJEsjWZn17sTJlIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuhGC4FIo3UaDknURziELJ2+H4ZlZvP3BtRKzucZLwIIKhEgPBAK3UK5X9+YyMTUBNs4qPoPyQI1QoxjE1EUg5tS636s5BV4mXkzLJ0eiVvvx+zNKIK2QSjOl6boJBBhoFk3xa9FPDE2BjGPKupQoiboJsvsiUnlulTwextk8hnau/OzKIjJlEoXVGgCOzXJuJ/9W6KQ6ugkyoJEWu2OKjQSrtoXSWDO0LzRnKiSXAtLC7UjYCDQxtfkUbgrd88ipp1aqeW/XuauX6dR5HgZySM3JBPHJJ6uSWNEiTMPJInskreXOenBfn3flYWNecvOeE/IHz+QMpCJun</latexit>

tan� too small
<latexit sha1_base64="UIfEJ3DBvQRcSUDUNRrtjgmQZ5M=">AAACDHicbVC7TgMxEPTxDOEVoKSxSJCoors0UEbQUAaJPKTcKdpznMSKz3ey95CiUz6Ahl+hoQAhWj6Ajr/BSa6AhJEsjWZn17sTJlIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuhGC4FIo3UaDknURziELJ2+H4ZlZvP3BtRKzucZLwIIKhEgPBAK3UK5X9+YyMTUBNs4qPoPyQI1QoxjE1EUg5tS636s5BV4mXkzLJ0eiVvvx+zNKIK2QSjOl6boJBBhoFk3xa9FPDE2BjGPKupQoiboJsvsiUnlulTwextk8hnau/OzKIjJlEoXVGgCOzXJuJ/9W6KQ6ugkyoJEWu2OKjQSrtoXSWDO0LzRnKiSXAtLC7UjYCDQxtfkUbgrd88ipp1aqeW/XuauX6dR5HgZySM3JBPHJJ6uSWNEiTMPJInskreXOenBfn3flYWNecvOeE/IHz+QMpCJun</latexit><latexit sha1_base64="UIfEJ3DBvQRcSUDUNRrtjgmQZ5M=">AAACDHicbVC7TgMxEPTxDOEVoKSxSJCoors0UEbQUAaJPKTcKdpznMSKz3ey95CiUz6Ahl+hoQAhWj6Ajr/BSa6AhJEsjWZn17sTJlIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuhGC4FIo3UaDknURziELJ2+H4ZlZvP3BtRKzucZLwIIKhEgPBAK3UK5X9+YyMTUBNs4qPoPyQI1QoxjE1EUg5tS636s5BV4mXkzLJ0eiVvvx+zNKIK2QSjOl6boJBBhoFk3xa9FPDE2BjGPKupQoiboJsvsiUnlulTwextk8hnau/OzKIjJlEoXVGgCOzXJuJ/9W6KQ6ugkyoJEWu2OKjQSrtoXSWDO0LzRnKiSXAtLC7UjYCDQxtfkUbgrd88ipp1aqeW/XuauX6dR5HgZySM3JBPHJJ6uSWNEiTMPJInskreXOenBfn3flYWNecvOeE/IHz+QMpCJun</latexit><latexit sha1_base64="UIfEJ3DBvQRcSUDUNRrtjgmQZ5M=">AAACDHicbVC7TgMxEPTxDOEVoKSxSJCoors0UEbQUAaJPKTcKdpznMSKz3ey95CiUz6Ahl+hoQAhWj6Ajr/BSa6AhJEsjWZn17sTJlIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuhGC4FIo3UaDknURziELJ2+H4ZlZvP3BtRKzucZLwIIKhEgPBAK3UK5X9+YyMTUBNs4qPoPyQI1QoxjE1EUg5tS636s5BV4mXkzLJ0eiVvvx+zNKIK2QSjOl6boJBBhoFk3xa9FPDE2BjGPKupQoiboJsvsiUnlulTwextk8hnau/OzKIjJlEoXVGgCOzXJuJ/9W6KQ6ugkyoJEWu2OKjQSrtoXSWDO0LzRnKiSXAtLC7UjYCDQxtfkUbgrd88ipp1aqeW/XuauX6dR5HgZySM3JBPHJJ6uSWNEiTMPJInskreXOenBfn3flYWNecvOeE/IHz+QMpCJun</latexit><latexit sha1_base64="UIfEJ3DBvQRcSUDUNRrtjgmQZ5M=">AAACDHicbVC7TgMxEPTxDOEVoKSxSJCoors0UEbQUAaJPKTcKdpznMSKz3ey95CiUz6Ahl+hoQAhWj6Ajr/BSa6AhJEsjWZn17sTJlIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuhGC4FIo3UaDknURziELJ2+H4ZlZvP3BtRKzucZLwIIKhEgPBAK3UK5X9+YyMTUBNs4qPoPyQI1QoxjE1EUg5tS636s5BV4mXkzLJ0eiVvvx+zNKIK2QSjOl6boJBBhoFk3xa9FPDE2BjGPKupQoiboJsvsiUnlulTwextk8hnau/OzKIjJlEoXVGgCOzXJuJ/9W6KQ6ugkyoJEWu2OKjQSrtoXSWDO0LzRnKiSXAtLC7UjYCDQxtfkUbgrd88ipp1aqeW/XuauX6dR5HgZySM3JBPHJJ6uSWNEiTMPJInskreXOenBfn3flYWNecvOeE/IHz+QMpCJun</latexit>
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Higgs boson as pseudo-Nambu Goldstone boson
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Incorporate the fermion sector

EW symmetry breakingHiggs potential with only boson sector

V (�) = �a sin2(�/f) + b sin4(�/f)

The top partner triggers EWSB!

EW Symmetry Breaking!



!16

The top partner also protects the Higgs mass

Top Partner

+�(100 GeV)2 = +

+= (m0)2
⇤2

16⇡2

�
�6y2t + 6y2t

�

ytyt

t

6y2t
16⇡2

m2
t0 log

⇤2

m2
t0

+

Usually need to introduce symmetry in fermion sector

Solving hierarchy problem and realize EWSB
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G/H cosets are universal, but fermion embedding quite different!

Little Higgs (2000) Composite Higgs (2004) Neutral Naturalness (2015)

fundamental top partner partial composite top partner Colorless top partner

Collective symmetry breaking

LR symmetry

Minimal Composite Higgs

LR Z2 Higgs

Mirror Twin Higgs

Littlest Higgs

Minimal neutral naturalness

Z2/SU(6) symmetry

[Xu, Yu, Zhu, 2018] 

[Li, Xu, Yu, Zhu, 2019] 

[Chacko, Goh, Harnik 2006] 

[Agashe, Contino, Pomarol 2004] [Arkani-hamed, et.al. 2000] 

[Yu, 2016] 

[Foadi, Schmidt, Yu, 2010] 

PNGB Higgs Models

[Chacko, Goh, Harnik 2006] 

[Craig, Knapen, Longhi 2015] 
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Higgs nonlinearity effect is not included in SMEFT

sh ⌘ sin
h

f
<latexit sha1_base64="lQwwbjnnfXRuFOgBDzk/3zAcZjg=">AAACA3icbVDLSsNAFL2pr1pfVXe6GSyCq5KIoMuiG5cV7AOaECbTSTN0Mokzk0IJATf+ihsXirj1J9z5N04fC209cOFwzr3ce0+Qcqa0bX9bpZXVtfWN8mZla3tnd6+6f9BWSSYJbZGEJ7IbYEU5E7Slmea0m0qK44DTTjC8mfidEZWKJeJej1PqxXggWMgI1kbyq0fKj5BLHzI2Qq5iwg0lJnlU5GHhV2t23Z4CLRNnTmowR9Ovfrn9hGQxFZpwrFTPsVPt5VhqRjgtKm6maIrJEA9oz1CBY6q8fPpDgU6N0kdhIk0Jjabq74kcx0qN48B0xlhHatGbiP95vUyHV17ORJppKshsUZhxpBM0CQT1maRE87EhmEhmbkUkwiYFbWKrmBCcxZeXSfu87th15+6i1riex1GGYziBM3DgEhpwC01oAYFHeIZXeLOerBfr3fqYtZas+cwh/IH1+QN2MpgL</latexit><latexit sha1_base64="lQwwbjnnfXRuFOgBDzk/3zAcZjg=">AAACA3icbVDLSsNAFL2pr1pfVXe6GSyCq5KIoMuiG5cV7AOaECbTSTN0Mokzk0IJATf+ihsXirj1J9z5N04fC209cOFwzr3ce0+Qcqa0bX9bpZXVtfWN8mZla3tnd6+6f9BWSSYJbZGEJ7IbYEU5E7Slmea0m0qK44DTTjC8mfidEZWKJeJej1PqxXggWMgI1kbyq0fKj5BLHzI2Qq5iwg0lJnlU5GHhV2t23Z4CLRNnTmowR9Ovfrn9hGQxFZpwrFTPsVPt5VhqRjgtKm6maIrJEA9oz1CBY6q8fPpDgU6N0kdhIk0Jjabq74kcx0qN48B0xlhHatGbiP95vUyHV17ORJppKshsUZhxpBM0CQT1maRE87EhmEhmbkUkwiYFbWKrmBCcxZeXSfu87th15+6i1riex1GGYziBM3DgEhpwC01oAYFHeIZXeLOerBfr3fqYtZas+cwh/IH1+QN2MpgL</latexit><latexit sha1_base64="lQwwbjnnfXRuFOgBDzk/3zAcZjg=">AAACA3icbVDLSsNAFL2pr1pfVXe6GSyCq5KIoMuiG5cV7AOaECbTSTN0Mokzk0IJATf+ihsXirj1J9z5N04fC209cOFwzr3ce0+Qcqa0bX9bpZXVtfWN8mZla3tnd6+6f9BWSSYJbZGEJ7IbYEU5E7Slmea0m0qK44DTTjC8mfidEZWKJeJej1PqxXggWMgI1kbyq0fKj5BLHzI2Qq5iwg0lJnlU5GHhV2t23Z4CLRNnTmowR9Ovfrn9hGQxFZpwrFTPsVPt5VhqRjgtKm6maIrJEA9oz1CBY6q8fPpDgU6N0kdhIk0Jjabq74kcx0qN48B0xlhHatGbiP95vUyHV17ORJppKshsUZhxpBM0CQT1maRE87EhmEhmbkUkwiYFbWKrmBCcxZeXSfu87th15+6i1riex1GGYziBM3DgEhpwC01oAYFHeIZXeLOerBfr3fqYtZas+cwh/IH1+QN2MpgL</latexit><latexit sha1_base64="lQwwbjnnfXRuFOgBDzk/3zAcZjg=">AAACA3icbVDLSsNAFL2pr1pfVXe6GSyCq5KIoMuiG5cV7AOaECbTSTN0Mokzk0IJATf+ihsXirj1J9z5N04fC209cOFwzr3ce0+Qcqa0bX9bpZXVtfWN8mZla3tnd6+6f9BWSSYJbZGEJ7IbYEU5E7Slmea0m0qK44DTTjC8mfidEZWKJeJej1PqxXggWMgI1kbyq0fKj5BLHzI2Qq5iwg0lJnlU5GHhV2t23Z4CLRNnTmowR9Ovfrn9hGQxFZpwrFTPsVPt5VhqRjgtKm6maIrJEA9oz1CBY6q8fPpDgU6N0kdhIk0Jjabq74kcx0qN48B0xlhHatGbiP95vUyHV17ORJppKshsUZhxpBM0CQT1maRE87EhmEhmbkUkwiYFbWKrmBCcxZeXSfu87th15+6i1riex1GGYziBM3DgEhpwC01oAYFHeIZXeLOerBfr3fqYtZas+cwh/IH1+QN2MpgL</latexit>

sh ⌘ sin
h

f
! h

f
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Composite Higgs Left-Right Z2 Twin Higgs Minimal NN

Heavy composite states

[Li, Xu, Yu, Zhu, 2019] 

toptop ×
∑

i
M(i)

KK

top topΠ
Generalized Lagrangian

⇢n
<latexit sha1_base64="1NeVVaOBPvrl+Zj6xIlK2QQrcEA=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqhg2mhNLtiBoUXGLDciuwnWikcSSwFY1vZ37rCbXhSj7YSYJhTIeSDzij1knNrh6pnuyVK37Vn4OskiAnFchR75W/un3F0hilZYIa0wn8xIYZ1ZYzgdNSNzWYUDamQ+w4KmmMJszm107JmVP6ZKC0K2nJXP09kdHYmEkcuc6Y2pFZ9mbif14ntYPrMOMySS1Ktlg0SAWxisxeJ32ukVkxcYQyzd2thI2opsy6gEouhGD55VXSvKgGfjW4v6zUbvI4inACp3AOAVxBDe6gDg1g8AjP8ApvnvJevHfvY9Fa8PKZY/gD7/MHo+6PKA==</latexit><latexit sha1_base64="1NeVVaOBPvrl+Zj6xIlK2QQrcEA=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqhg2mhNLtiBoUXGLDciuwnWikcSSwFY1vZ37rCbXhSj7YSYJhTIeSDzij1knNrh6pnuyVK37Vn4OskiAnFchR75W/un3F0hilZYIa0wn8xIYZ1ZYzgdNSNzWYUDamQ+w4KmmMJszm107JmVP6ZKC0K2nJXP09kdHYmEkcuc6Y2pFZ9mbif14ntYPrMOMySS1Ktlg0SAWxisxeJ32ukVkxcYQyzd2thI2opsy6gEouhGD55VXSvKgGfjW4v6zUbvI4inACp3AOAVxBDe6gDg1g8AjP8ApvnvJevHfvY9Fa8PKZY/gD7/MHo+6PKA==</latexit><latexit sha1_base64="1NeVVaOBPvrl+Zj6xIlK2QQrcEA=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqhg2mhNLtiBoUXGLDciuwnWikcSSwFY1vZ37rCbXhSj7YSYJhTIeSDzij1knNrh6pnuyVK37Vn4OskiAnFchR75W/un3F0hilZYIa0wn8xIYZ1ZYzgdNSNzWYUDamQ+w4KmmMJszm107JmVP6ZKC0K2nJXP09kdHYmEkcuc6Y2pFZ9mbif14ntYPrMOMySS1Ktlg0SAWxisxeJ32ukVkxcYQyzd2thI2opsy6gEouhGD55VXSvKgGfjW4v6zUbvI4inACp3AOAVxBDe6gDg1g8AjP8ApvnvJevHfvY9Fa8PKZY/gD7/MHo+6PKA==</latexit><latexit sha1_base64="1NeVVaOBPvrl+Zj6xIlK2QQrcEA=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqhg2mhNLtiBoUXGLDciuwnWikcSSwFY1vZ37rCbXhSj7YSYJhTIeSDzij1knNrh6pnuyVK37Vn4OskiAnFchR75W/un3F0hilZYIa0wn8xIYZ1ZYzgdNSNzWYUDamQ+w4KmmMJszm107JmVP6ZKC0K2nJXP09kdHYmEkcuc6Y2pFZ9mbif14ntYPrMOMySS1Ktlg0SAWxisxeJ32ukVkxcYQyzd2thI2opsy6gEouhGD55VXSvKgGfjW4v6zUbvI4inACp3AOAVxBDe6gDg1g8AjP8ApvnvJevHfvY9Fa8PKZY/gD7/MHo+6PKA==</latexit>

W, Z boson
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Coleman-Weinberg effective potential [Li, Xu, Yu, Zhu, 2019] 

Cutoff dependence
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Composite Higgs Left-Right Z2 Twin Higgs Minimal NN

Obtain form factors

V (h) = � 2Nc

16⇡2

Z ⇤2

0
dQ2Q2log[⇧tL⇧tR ·Q2 +⇧2

tLtR ]

Low energy theorem

[Li, Xu, Yu, Zhu, 2019] 

Radiative Higgs potential
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EW Chiral Lagrangian
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Composite Higgs Left-Right Z2 Twin Higgs Minimal NN

[Li, Xu, Yu, Zhu, 2019] 

[Agrawal, Saha, Xu, Yu, Yuan, 2019] 
(gg ! H) + Higgs global fit
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= v2/f2
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EW Chiral Lagrangian

Higgs effective couplings
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[Agrawal, Saha, Xu, Yu, Yuan, 2019] 

Fundamental vs Composite?

Higgs nonlinearity
Shape of Higgs potential

PNGB Higgs EFT SMEFT

EW Chiral Lagrangian

Higgs effective couplings
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Dim-6 SMEFT (SILH) does not encode Higgs nonlinearity 
[Li, Xu, Yu, Zhu, 2019] 
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Similar to 2HDM, di-Higgs cross section is larger than SM one
[Agrawal, Saha, Xu, Yu, Yuan, 2019] 
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Coleman Weinberg HiggsPseudo-Goldstone Higgs

V (�) = �(�†�)2 + ✏(�†�)2 log
�†�

µ2 V (�) = �µ3
p

�†�+m2�†�

Tadpole-induced Higgs

Very different analytic Higgs behavior from SM
Landau-Ginzburg Higgs

V (�) = �m2�†�+ �(�†�)2
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V (�) = �a sin2(�/f) + b sin4(�/f)
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Radiative correction triggers EWSB!

Coleman Weinberg Higgs
Tree-level potential

[Coleman, Weinberg 73], 
[Gildner, Weinberg 76] , 

…

V (�) = �(�†�)2 + ✏(�†�)2 log
�†�

µ2
V (�) = �(�†�)2 + ✏(�†�)2 log

�†�

µ2

Self-coupling runs to negative 

Classically scale invariant theory

�
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3

Dimensional transmutation:

Running quartic coupling induces minimum.
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Technicolor vs Higgs discovery 

[Simmons 1989], 
[Carone, Georgi 1994] , 
[Galloway, etc, 2013]

…

Long-live technicolor: Bosonic technicolor

Violate unitary in WL-WL scattering

Predict no Higgs …

Elementary Higgs

hQ̄Qi
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Bosonic technicolor (Induced EWSB)

�3 ⇠ �4 ⇠ 0

Higgs self couplings are induced by integrating out heavy states

[Galloway, etc, 2013]

" < 0
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h⌃i ⌘ hQ̄Qi
<latexit sha1_base64="+aOmS5ZHI4rhm08GpZt1f+AhBJk=">AAACH3icbVBNSwMxEM36WevXqkcvwSJ4Krsi6rHoxWOLVoVuKbPptA3NZtckWyhL/4kX/4oXD4qIt/4b07qItj4YeHlvhsy8MBFcG88bOwuLS8srq4W14vrG5ta2u7N7q+NUMayzWMTqPgSNgkusG24E3icKIQoF3oX9y4l/N0CleSxvzDDBZgRdyTucgbFSyz0NBMiuQBpc824ENFD5Ex9SPqA/bggqq41oLfdbbskre1PQeeLnpERyVFvuZ9COWRqhNEyA1g3fS0wzA2U4EzgqBqnGBFgfutiwVEKEuplN7xvRQ6u0aSdWtqShU/X3RAaR1sMotJ0RmJ6e9Sbif14jNZ3zZsZlkhqU7PujTiqoiekkLNrmCpkRQ0uAKW53pawHCpixkRZtCP7syfPk9rjse2W/dlKqXORxFMg+OSBHxCdnpEKuSJXUCSOP5Jm8kjfnyXlx3p2P79YFJ5/ZI3/gjL8AxUGizQ==</latexit><latexit sha1_base64="+aOmS5ZHI4rhm08GpZt1f+AhBJk=">AAACH3icbVBNSwMxEM36WevXqkcvwSJ4Krsi6rHoxWOLVoVuKbPptA3NZtckWyhL/4kX/4oXD4qIt/4b07qItj4YeHlvhsy8MBFcG88bOwuLS8srq4W14vrG5ta2u7N7q+NUMayzWMTqPgSNgkusG24E3icKIQoF3oX9y4l/N0CleSxvzDDBZgRdyTucgbFSyz0NBMiuQBpc824ENFD5Ex9SPqA/bggqq41oLfdbbskre1PQeeLnpERyVFvuZ9COWRqhNEyA1g3fS0wzA2U4EzgqBqnGBFgfutiwVEKEuplN7xvRQ6u0aSdWtqShU/X3RAaR1sMotJ0RmJ6e9Sbif14jNZ3zZsZlkhqU7PujTiqoiekkLNrmCpkRQ0uAKW53pawHCpixkRZtCP7syfPk9rjse2W/dlKqXORxFMg+OSBHxCdnpEKuSJXUCSOP5Jm8kjfnyXlx3p2P79YFJ5/ZI3/gjL8AxUGizQ==</latexit><latexit sha1_base64="+aOmS5ZHI4rhm08GpZt1f+AhBJk=">AAACH3icbVBNSwMxEM36WevXqkcvwSJ4Krsi6rHoxWOLVoVuKbPptA3NZtckWyhL/4kX/4oXD4qIt/4b07qItj4YeHlvhsy8MBFcG88bOwuLS8srq4W14vrG5ta2u7N7q+NUMayzWMTqPgSNgkusG24E3icKIQoF3oX9y4l/N0CleSxvzDDBZgRdyTucgbFSyz0NBMiuQBpc824ENFD5Ex9SPqA/bggqq41oLfdbbskre1PQeeLnpERyVFvuZ9COWRqhNEyA1g3fS0wzA2U4EzgqBqnGBFgfutiwVEKEuplN7xvRQ6u0aSdWtqShU/X3RAaR1sMotJ0RmJ6e9Sbif14jNZ3zZsZlkhqU7PujTiqoiekkLNrmCpkRQ0uAKW53pawHCpixkRZtCP7syfPk9rjse2W/dlKqXORxFMg+OSBHxCdnpEKuSJXUCSOP5Jm8kjfnyXlx3p2P79YFJ5/ZI3/gjL8AxUGizQ==</latexit><latexit sha1_base64="+aOmS5ZHI4rhm08GpZt1f+AhBJk=">AAACH3icbVBNSwMxEM36WevXqkcvwSJ4Krsi6rHoxWOLVoVuKbPptA3NZtckWyhL/4kX/4oXD4qIt/4b07qItj4YeHlvhsy8MBFcG88bOwuLS8srq4W14vrG5ta2u7N7q+NUMayzWMTqPgSNgkusG24E3icKIQoF3oX9y4l/N0CleSxvzDDBZgRdyTucgbFSyz0NBMiuQBpc824ENFD5Ex9SPqA/bggqq41oLfdbbskre1PQeeLnpERyVFvuZ9COWRqhNEyA1g3fS0wzA2U4EzgqBqnGBFgfutiwVEKEuplN7xvRQ6u0aSdWtqShU/X3RAaR1sMotJ0RmJ6e9Sbif14jNZ3zZsZlkhqU7PujTiqoiekkLNrmCpkRQ0uAKW53pawHCpixkRZtCP7syfPk9rjse2W/dlKqXORxFMg+OSBHxCdnpEKuSJXUCSOP5Jm8kjfnyXlx3p2P79YFJ5/ZI3/gjL8AxUGizQ==</latexit>
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How to Distinguish Them?

 32

SMEFT PNGB Higgs CW Higgs Tadpole Higgs

[Agrawal, Saha, Xu, Yu, Yuan, 2019] 
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Higgs Self Coupling
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�3

�SM
3

Di-Higgs production

Make use of large difference in Higgs self coupling
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Di-Higgs Production

 34

h3
<latexit sha1_base64="l/KC06CC255PI6cC/Zlhn1X71yw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbT6g0j+WDGSfoR3QgecgZNVa6Hz6e98oVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVT236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AH0xI2R</latexit><latexit sha1_base64="l/KC06CC255PI6cC/Zlhn1X71yw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbT6g0j+WDGSfoR3QgecgZNVa6Hz6e98oVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVT236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AH0xI2R</latexit><latexit sha1_base64="l/KC06CC255PI6cC/Zlhn1X71yw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbT6g0j+WDGSfoR3QgecgZNVa6Hz6e98oVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVT236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AH0xI2R</latexit><latexit sha1_base64="l/KC06CC255PI6cC/Zlhn1X71yw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbT6g0j+WDGSfoR3QgecgZNVa6Hz6e98oVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVT236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AH0xI2R</latexit>

[Many references here … ] 
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Di-Higgs Production

 35including tthh interference terms

Take LO cross section 
NLO K factor = 1.6
[Dawson, Dittmaier, Spira, 1998] 
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Discriminating Models via HH Production

 36

[Agrawal, Saha, Xu, Yu, Yuan, 2019] 

14% accuracy (1 sigma CL) for SM xsec at 27 TeV
[Goncalves, Han, Kling, Plehn, Takeuchi, 2018] 
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Discriminating Models via HH Production
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[Agrawal, Saha, Xu, Yu, Yuan, 2019] 

5% accuracy (1 sigma CL) for SM xsec at 100 TeV
[Goncalves, Han, Kling, Plehn, Takeuchi, 2018] 
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Confirm quartic coupling

Quartic Higgs Coupling
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tri-Higgs production

Further determine shape of Higgs potential 
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Quartic Higgs Coupling
Three Higgs production at 10 TeV collider

Indirect search via two-loop correction

[Chen,Yan, Zhao, Zhong, Zhao, 2016]

[Papaefstathiou, Sakurai, 2016]

[Liu, Lyu, Ren, Zhu, 2018]

…

Zhh at ILC

[Borowka, Duhr, Maltoni, Pagani, Shivaji, Zhao, 2018]

Di-Higgs at HL-LHC  
and 100 TeV collider

[Borowka, Duhr, Maltoni, Pagani, Shivaji, Zhao, 2018]
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Tri-Higgs Production

 40[Agrawal, Saha, Xu, Yu, Yuan, 2019] 

LO cross section
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Tri-Higgs Production
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LO cross section, NLO K factor = 2

[Agrawal, Saha, Xu, Yu, Yuan, 2019] 

[Maltoni, Vryonidou, Zaro, 2014]
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Tri-Higgs Production
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20% accuracy (1 sigma CL) for SM xsec at 100 TeV

[Agrawal, Saha, Xu, Yu, Yuan, 2019] 

[Chen,Yan, Zhao, Zhong, Zhao, 2016]
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Determine Quartic Coupling

 43

SM SMEFT with O6

MCHM
Coleman-Weinberg
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Summary

 44

Explore Higgs potential beyond Landau-Ginzburg Higgs potential

SMEFT is not enough to describe effective Lagrangian

Coleman Weinberg HiggsPseudo-Goldstone Higgs Tadpole-induced Higgs

Discriminate shape of Higgs potential via di/tri-Higgs production
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Thanks very much!
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Theoretical Constraints
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Perturbative tree-level unitarity constraint (s-wave)
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Tree-level Vacuum Stability
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(c) Coleman-Weinberg Higgs

(b) Pseudo-Goldstone Higgs

(d) Tadpole-Induced Higgs

(a) Landau-Ginzburg Higgs


