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Outline

I will focus on tthh channel, talk about its potential in 
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Higgs Trilinear Coupling

[M. Reichert, et al. arXiv:1711.00019]

1, Electroweak baryongenesis: out of equilibrium 

                                                  baryon asymmetry preserved

2, deviation of trilinear coupling ->  unitarity bound of scale of new physics 
[S. Chang, et al. arXiv:1902.05556]

[A. Falkowski, et al. arXiv:1902.05936]

strong first order  
phase transition 

�c/Tc & 1
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[ATL-PHYS-PUB-2018-053] 
[…many other works]

[D. Goncalves, T. Han, et al. arXiv:1802.04319] 
[…many other works]

Higgs Trilinear Coupling

[ATLAS-CONF-2018-043]

sensitivity degeneracy
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tthh—Higgs trilinear coupling

tthh channel: constructive 
interference for enhanced 

trilinear coupling; smaller bg

tthh could play a complementary role! 

destructive interference

sensitivity degeneracy for gluon 
fusion di-Higgs production; 

[R. Frederix, et al. arXiv:1401.7340]

[R. Frederix, et al. arXiv:1401.7340]
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tthh—contact interactions

Assuming SM top Yukawa coupling

[L. Li, YYL, T. Liu,  arXiv:1905.03772] 

tthh channel: constructive 
interference for enhanced 

trilinear coupling and positive 
contact interactions;

tthh could play a complementary role
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direct search for new states, highly motivated by naturalness

tthh—Resonance Search—fermions 

Singlet, e.g. little higgs, 
decay via its mixing with SM top quark 

Doublet, top quark mixes more with its partner 
 than bottom quark

BR(T ! th) ⇠ BR(T ! tZ) ⇠ 1

2
BR(T ! Wb) ⇠ 25%

<latexit sha1_base64="0KsX7D2iQe6zjlYcR70mmAZ1et4=">AAACP3icbVC7SgNBFJ31GeNr1dJmMARiE3aDomWIjWWUvDC7hNnJbDJk9sHMXSUs+TMbf8HO1sZCEVs7J8kWmnhg4HDOudy5x4sFV2BZL8bK6tr6xmZuK7+9s7u3bx4ctlSUSMqaNBKR7HhEMcFD1gQOgnViyUjgCdb2RldTv33PpOJR2IBxzNyADELuc0pASz2zVbstNRzJB0MgUkYPGIanjuIBXtLvZrrjS0JTe5JWJouJtjefrJw7xZ5ZsMrWDHiZ2BkpoAz1nvns9COaBCwEKohSXduKwU2JBE4Fm+SdRLGY0BEZsK6mIQmYctPZ/RNc1Eof+5HULwQ8U39PpCRQahx4OhkQGKpFbyr+53UT8C/dlIdxAiyk80V+IjBEeFom7nPJKIixJoRKrv+K6ZDohkBXntcl2IsnL5NWpWxbZfvmrFCtZXXk0DE6QSVkowtURdeojpqIokf0it7Rh/FkvBmfxtc8umJkM0foD4zvH9htrsY=</latexit><latexit sha1_base64="0KsX7D2iQe6zjlYcR70mmAZ1et4=">AAACP3icbVC7SgNBFJ31GeNr1dJmMARiE3aDomWIjWWUvDC7hNnJbDJk9sHMXSUs+TMbf8HO1sZCEVs7J8kWmnhg4HDOudy5x4sFV2BZL8bK6tr6xmZuK7+9s7u3bx4ctlSUSMqaNBKR7HhEMcFD1gQOgnViyUjgCdb2RldTv33PpOJR2IBxzNyADELuc0pASz2zVbstNRzJB0MgUkYPGIanjuIBXtLvZrrjS0JTe5JWJouJtjefrJw7xZ5ZsMrWDHiZ2BkpoAz1nvns9COaBCwEKohSXduKwU2JBE4Fm+SdRLGY0BEZsK6mIQmYctPZ/RNc1Eof+5HULwQ8U39PpCRQahx4OhkQGKpFbyr+53UT8C/dlIdxAiyk80V+IjBEeFom7nPJKIixJoRKrv+K6ZDohkBXntcl2IsnL5NWpWxbZfvmrFCtZXXk0DE6QSVkowtURdeojpqIokf0it7Rh/FkvBmfxtc8umJkM0foD4zvH9htrsY=</latexit><latexit sha1_base64="0KsX7D2iQe6zjlYcR70mmAZ1et4=">AAACP3icbVC7SgNBFJ31GeNr1dJmMARiE3aDomWIjWWUvDC7hNnJbDJk9sHMXSUs+TMbf8HO1sZCEVs7J8kWmnhg4HDOudy5x4sFV2BZL8bK6tr6xmZuK7+9s7u3bx4ctlSUSMqaNBKR7HhEMcFD1gQOgnViyUjgCdb2RldTv33PpOJR2IBxzNyADELuc0pASz2zVbstNRzJB0MgUkYPGIanjuIBXtLvZrrjS0JTe5JWJouJtjefrJw7xZ5ZsMrWDHiZ2BkpoAz1nvns9COaBCwEKohSXduKwU2JBE4Fm+SdRLGY0BEZsK6mIQmYctPZ/RNc1Eof+5HULwQ8U39PpCRQahx4OhkQGKpFbyr+53UT8C/dlIdxAiyk80V+IjBEeFom7nPJKIixJoRKrv+K6ZDohkBXntcl2IsnL5NWpWxbZfvmrFCtZXXk0DE6QSVkowtURdeojpqIokf0it7Rh/FkvBmfxtc8umJkM0foD4zvH9htrsY=</latexit><latexit sha1_base64="0KsX7D2iQe6zjlYcR70mmAZ1et4=">AAACP3icbVC7SgNBFJ31GeNr1dJmMARiE3aDomWIjWWUvDC7hNnJbDJk9sHMXSUs+TMbf8HO1sZCEVs7J8kWmnhg4HDOudy5x4sFV2BZL8bK6tr6xmZuK7+9s7u3bx4ctlSUSMqaNBKR7HhEMcFD1gQOgnViyUjgCdb2RldTv33PpOJR2IBxzNyADELuc0pASz2zVbstNRzJB0MgUkYPGIanjuIBXtLvZrrjS0JTe5JWJouJtjefrJw7xZ5ZsMrWDHiZ2BkpoAz1nvns9COaBCwEKohSXduKwU2JBE4Fm+SdRLGY0BEZsK6mIQmYctPZ/RNc1Eof+5HULwQ8U39PpCRQahx4OhkQGKpFbyr+53UT8C/dlIdxAiyk80V+IjBEeFom7nPJKIixJoRKrv+K6ZDohkBXntcl2IsnL5NWpWxbZfvmrFCtZXXk0DE6QSVkowtURdeojpqIokf0it7Rh/FkvBmfxtc8umJkM0foD4zvH9htrsY=</latexit>

BR(T ! th) ⇠ BR(T ! tZ) ⇠ 50%
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Current bound: 1.3TeV [ATLAS, arXiv:1808.02343] 

Re-introduce tuning:  
neutral naturalness model, 
e.g. twin Higgs model

Coloured vector-like top partners are predicted in natural models,  
e.g. Composite Higgs 

[R. Contino, et al. arXiv:hep-ph/0612190]

tthh could play an important role! 

twin Higgs model need to be 
further extended!

Precision may not be enough
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[P. Asadi, N. Craig, YYL, arXiv:1810.09467] 

tthh—Resonance Search—scalars 

direct search for new states, highly motivated by naturalness

Twin Turtles

Hard Z_2 
breaking  

at higher levelh
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soft Z_2 
breaking 
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[P. Asadi, N. Craig, YYL, arXiv:1810.09467] 

tthh—Resonance Search—scalars 

Precision measurement?

Precision could not distinguish twin from turtles. 

direct search for new states, highly motivated by naturalness

Twin Turtles

More scalars are introduced to push up 
the scale of coloured states! 
Higgs like scalars -> definite signature 
of naturalness

Hard Z_2 
breaking  

at higher levelh
<latexit sha1_base64="xLsHsr3zpPi8lCwc/nDcPCUnDwg=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lhjlI4EL2Vv2YMPe3mV3zoRc+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSKQw6LrfTmFjc2t7p7hb2ts/ODwqH5+0TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST27nfeeLaiFg94jThfkRHSoSCUbTSQ3VcHZQrbs1dgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4bWfCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68Ttr1mufWvPt6pXGTx1GEMziHS/DgChpwB01oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPH4UCjUY=</latexit><latexit sha1_base64="xLsHsr3zpPi8lCwc/nDcPCUnDwg=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lhjlI4EL2Vv2YMPe3mV3zoRc+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSKQw6LrfTmFjc2t7p7hb2ts/ODwqH5+0TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST27nfeeLaiFg94jThfkRHSoSCUbTSQ3VcHZQrbs1dgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4bWfCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68Ttr1mufWvPt6pXGTx1GEMziHS/DgChpwB01oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPH4UCjUY=</latexit><latexit sha1_base64="xLsHsr3zpPi8lCwc/nDcPCUnDwg=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lhjlI4EL2Vv2YMPe3mV3zoRc+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSKQw6LrfTmFjc2t7p7hb2ts/ODwqH5+0TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST27nfeeLaiFg94jThfkRHSoSCUbTSQ3VcHZQrbs1dgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4bWfCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68Ttr1mufWvPt6pXGTx1GEMziHS/DgChpwB01oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPH4UCjUY=</latexit><latexit sha1_base64="xLsHsr3zpPi8lCwc/nDcPCUnDwg=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lhjlI4EL2Vv2YMPe3mV3zoRc+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSKQw6LrfTmFjc2t7p7hb2ts/ODwqH5+0TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST27nfeeLaiFg94jThfkRHSoSCUbTSQ3VcHZQrbs1dgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4bWfCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68Ttr1mufWvPt6pXGTx1GEMziHS/DgChpwB01oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPH4UCjUY=</latexit>

H<latexit sha1_base64="P1OOzyfS6HZ3wu0XVKSGjv9CKd8=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lBgFSeBC9pY52LC3d9ndMyEXfoKNhcbY+ovs/DcucIWCL5nk5b2ZzMwLEsG1cd1vp7CxubW9U9wt7e0fHB6Vj086Ok4VwzaLRay6AdUouMS24UZgN1FIo0DgYzC5nfuPT6g0j+WDmSboR3QkecgZNVa6rzarg3LFrbkLkHXi5aQCOVqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeO1nXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68Tjr1mufWvLt6pXGTx1GEMziHS/DgChrQhBa0gcEInuEV3hzhvDjvzseyteDkM6fwB87nD1RijSY=</latexit><latexit sha1_base64="P1OOzyfS6HZ3wu0XVKSGjv9CKd8=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lBgFSeBC9pY52LC3d9ndMyEXfoKNhcbY+ovs/DcucIWCL5nk5b2ZzMwLEsG1cd1vp7CxubW9U9wt7e0fHB6Vj086Ok4VwzaLRay6AdUouMS24UZgN1FIo0DgYzC5nfuPT6g0j+WDmSboR3QkecgZNVa6rzarg3LFrbkLkHXi5aQCOVqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeO1nXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68Tjr1mufWvLt6pXGTx1GEMziHS/DgChrQhBa0gcEInuEV3hzhvDjvzseyteDkM6fwB87nD1RijSY=</latexit><latexit sha1_base64="P1OOzyfS6HZ3wu0XVKSGjv9CKd8=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lBgFSeBC9pY52LC3d9ndMyEXfoKNhcbY+ovs/DcucIWCL5nk5b2ZzMwLEsG1cd1vp7CxubW9U9wt7e0fHB6Vj086Ok4VwzaLRay6AdUouMS24UZgN1FIo0DgYzC5nfuPT6g0j+WDmSboR3QkecgZNVa6rzarg3LFrbkLkHXi5aQCOVqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeO1nXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68Tjr1mufWvLt6pXGTx1GEMziHS/DgChrQhBa0gcEInuEV3hzhvDjvzseyteDkM6fwB87nD1RijSY=</latexit><latexit sha1_base64="P1OOzyfS6HZ3wu0XVKSGjv9CKd8=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lBgFSeBC9pY52LC3d9ndMyEXfoKNhcbY+ovs/DcucIWCL5nk5b2ZzMwLEsG1cd1vp7CxubW9U9wt7e0fHB6Vj086Ok4VwzaLRay6AdUouMS24UZgN1FIo0DgYzC5nfuPT6g0j+WDmSboR3QkecgZNVa6rzarg3LFrbkLkHXi5aQCOVqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeO1nXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68Tjr1mufWvLt6pXGTx1GEMziHS/DgChrQhBa0gcEInuEV3hzhvDjvzseyteDkM6fwB87nD1RijSY=</latexit>

soft Z_2 
breaking 
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Direct production of heavy scalars (h2) becomes crucial!

[P. Asadi, N. Craig, YYL, arXiv:1810.09467] 

tthh—Resonance Search—scalars 

More scalars mix with the SM-like Higgs states
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Direct production of heavy scalars (h2) becomes crucial!

[Aqeel Ahmed, arXiv:1711.03107] 

           large Br(h2-> hh); 

rich signatures from di-Higgs decay.

tthh—Resonance Search—scalars 

[P. Asadi, N. Craig, YYL, arXiv:1810.09467] 
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Direct production of heavy scalars (h2) becomes crucial!

decay products from associated top 
could help to suppress background; 

production cross section increases 
faster at 100TeV.

tthh—Resonance Search—scalars 

gluon fusion:  
500GeV(mh2)@14/100TeV =2.13/102.7pb; 

    600GeV(mh2)@14/100TeV =0.968/55.2pb;

tth2:  
500GeV(mh2)@14/100TeV =0.013/2.17pb; 
600GeV(mh2)@14/100TeV =0.0083/1.63pb;

tthh could play an important role! 

[P. Asadi, N. Craig, YYL, arXiv:1810.09467] 
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tthh—Resonance Search—scalars 

MSSM Higgs bosons(no CP-violation):H,A,Hc 
 
Higgs mass spectrum and couplings only depend on two parameters 
 (in additional to the SM ones) at tree-level: tan_beta, mA/mHc;

Neutral Higgs Exclusion limit

[N. Craig, J. Hajer, YYL, T. Liu, H. Zhang, arXiv:1605.08744] [A. Djouadi, et al. arXiv:1502.05653] 

tthh could play an important role! 
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[T. Liu, H. Zhang,  arXiv:1410.1855] 
[C. Englert,et al. arXiv:1409.8074]

tthh->ttbbbb channel

[ATL-PHYS-PUB-2016-023] with aggressive cut

different decay channels with very rich 
kinematics, combining all channels? 

complicated topologies, BDT method?

tthh channel analysis
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[L. Li, YYL, T. Liu,  arXiv:1905.03772] 

@HL-LHC

5(or more)b+1 lepton 

5(or more)b + OS dilepton 

SS dilepton (w/ >=4 b jets) 

Multi-lepton (w/ >=4 b jets) 

2τ jets (w/ >=4b jets & 1 lepton)  

tthh channel analysis

tt(semi-leptonic)bbbb 

tt(leptonic)bbbb 

tt(semi)VV*bb 

tt(semi)VV*bb 

tt(semi)bbττ  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[L. Li, YYL, T. Liu,  arXiv:1905.03772] 

Low level information: 
pt of leptons/ H_t/N_jet 

Reconstructed Objects: 

                    Correlations 
                    between different 
                    objects: 
                    deltaR, delta_eta, 
                    invariant mass 
                    …

@HL-LHC

tthh channel analysis
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[L. Li, YYL, T. Liu,  arXiv:1905.03772] 

@HL-LHC

−10 < κλ < 6.9@95%C.L.

tthh channel analysis
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[L. Li, YYL, T. Liu,  arXvi:1905.03772] 

tthh—contact interactions

@HL-LHC

Assuming SM top Yukawa coupling
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[L. Li, YYL, T. Liu,  arXvi:1905.03772] 

tthh—contact interactions

Assuming SM top Yukawa coupling

@HL-LHC
Blue region is the exclusion limit 
based on gluon fusion channel 
projected from [ATL-PHYS-PUB-2018-053] 

Partially breaks the degeneracy in 
the gg → hh → bbγγ 

Kappa specific BDT help to improve 
the c_t direction. 

Kinematics help to further improve 
the sensitivity.
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tthh—Higgs self coupling measurement

[R. Frederix, et al. arXiv:1401.7340]
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tthh—Higgs self coupling measurement

[L. Li, YYL, T. Liu,  arXiv:1905.03772] 

[R. Frederix, et al. arXiv:1401.7340]

[S. Banerjee, et al. arXiv:1904. 07886]

−3.01 < κλ < 1.65@68%C.L.
~5.9σ @100TeV 30/ab

Projected @ 100TeV 30/ab
～14.3σ 

−2.6 < κλ < -1.6 U 0.2 < κλ < 1.6@95%C.L. 
gain mainly from combing all decay channels
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tthh—Higgs self coupling measurement

[L. Li, YYL, T. Liu,  arXiv:1905.03772] 
[R. Frederix, et al. arXiv:1401.7340]

fitting to {κ,ct} = {1,0} 

cross section contour centre around 
{κ,ct} = {0,0} 

Encouraging from comparison with 
blue region, could be further improved 
by utilising kinematics. 
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tthh—Resonance Search—fermions 

[L. Li, YYL, T. Liu,  arXiv:1905.03772] 

Coloured vector-like top partners

Limit is improved by combining 
all decay channels compared 
with that in [ATLAS, arXiv:1808.02343] 
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tthh—Resonance Search—fermions 

[L. Li, YYL, T. Liu,  arXiv:1905.03772] 

Coloured vector-like top partners

30/ab, 100TeV

[C. Chen, J. Hajer, TL, I. Low and H. Zhang, 
arXiv: 1705.07743]
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[L. Li, YYL, T. Liu,  arXiv:1905.03772] 

@HL-LHC

ttH, mH=600GeV 1.8

tthh—Resonance Search—scalars 

[P. Asadi, N. Craig, YYL, arXiv:1810.09467] 

@HL-LHC with f/v~3, mh2 = 600GeV, 

         @100TeV 30/ab

Combined (fb)
6.6(5.3)

ttH, mH=600GeV 5.8

    able to probe the turtling structure@100TeV!

@100TeV with f/v~3, mh2 = 600GeV, 

�(tth2 ! tthh) ⇠ 0.1fb
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�(tth2 ! tthh) ⇠ 21fb
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tthh—Resonance Search—scalars 

MSSM Higgs bosons(no CP-violation):H,A,Hc 
 
Higgs mass spectrum and couplings only depend on two parameters 
 (in additional to the SM ones) at tree-level: tan_beta, mA/mHc;

[L. Li, YYL, T. Liu,  arXiv:1905.03772] [A. Djouadi, et al. arXiv:1502.05653] 

not bad compared with gg->H->hh channel                                                           

Decay products from associated top help!
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tthh—Conclusion and Outlook

I have talked about tthh potential in 

Contact Interaction Measurement

Resonant Search

Higgs Self Coupling Measurement

heavy fermions, heavy scalars in turtling models/MSSM; 
able to probe the turtling structure at 100TeV colliders.

Outlook

Complementary to gluon fusion channel because of constructive interference; 
combining all decay channels to further improve the sensitivety;  

gain at 100TeV collider from kinematics potential ;

tthh potential with hh->bbaa at 100TeV??

including kinematics at 100TeV?? way to simulate the bg
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LHC

�  At tree level, we have 

�Here                                            can be understood as a measure of the de 

�   

�At loop-level, we have  
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Thank you and Welcome to HK!


