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Extended Higgs Sectors

❖ Motivations:

1. Why should the scalar sector be so simple?

2. Hierarchy problem (e.g. SUSY)

3. Dark matter (e.g. SM+singlet scalar, Inert Doublet Model)

4. The SM Flavor Puzzle

❖ Simple extension of the SM with additional Higgs bosons: Two 
Higgs Doublet Model (2HDM)

❖ Extra CP-even Higgs (H), CP-odd Higgs (A), and charged Higgs (H±)
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The SM Flavor Puzzle
❖ Experimentally, we know that the 

125 GeV Higgs boson couples/
gives mass to

❖ 3rd generation quarks (t,b) and 
leptons (tau)

❖ Gauge bosons (W,Z) 

ATLAS/CMS Combined
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The SM Flavor Puzzle

CMS HL-LHC Projection❖ Experimentally, we know that the 
125 GeV Higgs boson couples/
gives mass to

❖ 3rd generation quarks (t,b) and 
leptons (tau)

❖ Gauge bosons (W,Z) 

❖ What about the Higgs couplings to 
light fermions?

❖ Charm Yukawa: LHC bounds 
exist, but this is very 
challenging!

❖ SM couplings to electrons, u, d, s 
out of reach of LHC CMS-TDR-15-02
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CMS HL-LHC Projection

The SM Flavor Puzzle
❖ Experimentally, we know that the 

125 GeV Higgs boson couples/
gives mass to

❖ 3rd generation quarks (t,b) and 
leptons (tau)

❖ Gauge bosons (W,Z) 

❖ What about the Higgs couplings to 
light fermions?

❖ Charm Yukawa: LHC bounds 
exist, but this is very 
challenging!

❖ SM couplings to electrons, u, d, s 
out of reach of LHC

Experimentally, we don’t know if 
the 125 GeV Higgs boson couples 

to electron and light quarks!

CMS-TDR-15-02
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Does the 125 GeV Higgs boson give 
mass to all fermions? 

(or why are the couplings to light fermions so 
small?)
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Additional Sources of EWSB

• Due to the Higgs boson of the 
SM 

• Gives the bulk of mt,b,τ 

• Due to some extra source of mass

• Gives the bulk of mu,d,c,s,e,μ 

3/16
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❖ Simplest realization = Two Higgs Doublet Model (2HDM)
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bosons (H, A, H±)
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bosons (H, A, H±)

Want a flavor structure such that Y is rank 1 and Y’ is generic
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Flavorful 2HDMs  
(arxiv:1610.02398 W. Almannshofer, J. Eby, S. Gori, M. Lotito, M. Martone, DT)

Analogous flavor 
structure in the 

lepton sector

❖ No discrete symmetries! Flavor changing Higgs couplings are present.

❖ FCNCs are suppressed by an approximate U(2) symmetry between the 1st and 2nd 
generations.

❖ Tree level Higgs contributions to meson oscillations are small and may accommodate current data mildly 
better than the SM (W. Altmannshofer, S. Gori, D. Robinson, DT arxiv:1712.01847)

Naturally explains the fermion mass hierarchy if v’ << v

❖ Rank 1 SM Higgs couplings → SM Higgs couples dominantly to third 
generation fermions

3/16
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Generating the CKM Matrix
❖ The Yukawa structure of the 2HDM must reproduce the CKM matrix.

❖ CKM matrix can originate from the rotation matrices that diagonalize the up 
quark mass matrices OR the down quark mass matrices
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Up quark sector CKM

Generating the CKM Matrix
❖ The Yukawa structure of the 2HDM must reproduce the CKM matrix.

❖ CKM matrix can originate from the rotation matrices that diagonalize the up 
quark mass matrices OR the down quark mass matrices
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Higgs couplings to up quarks
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Up quark sector CKM

Generating the CKM Matrix
❖ The Yukawa structure of the 2HDM must reproduce the CKM matrix.
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Down quark sector CKM
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Coupling Modifications

Type I

Type II

Flavorful
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1. Non-universal fermion couplings. (Similar pattern for H± and A)
2. Couplings to third generation are suppressed by tanβ
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Phenomenology of Flavorful Higgs Bosons 
(arxiv: 1610.02398 W. Almannshofer, J. Eby, S. Gori, M. Lotito, M. Martone, DT)

Main results:

1. Additional Higgs bosons can decay dominantly to 
2nd generation quark and leptons

2. Collider signatures are distinct from typically 
studied 2HDMs (e.g. Type I, II)

3. Weak collider constraints
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Let’s see how this shows up when the the CKM 
originates in the down quark sector
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Decays of the Charged Higgs (H±) 

7/16
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Decays of the Charged Higgs (H±) 

• “Classic” decay modes (tb, τν) 
are suppressed
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Decays of the Charged Higgs (H±) 

• “Classic” decay modes (tb, τν) 
are suppressed

• Dominant decay modes are to 
charm-strange, charm-bottom — 
these have only been searched 
for below the top threshold!

• Decay to ts becomes sizeable and 
of the order of decay to tb
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• Dominant production is from s-
channel charm-strange fusion 
(2nd generation quarks!)

• “Classic” production mode 
(associated production with top 
quark) is suppressed.

c
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H
±

<latexit sha1_base64="8t/M5KH5OxQiorKCoRoL3V3aB24=">AAAB8nicbVBNTwIxEO3iF65fqEcvjUDiiexy0SPRC0dMBExgJd1uFxrabtN2iWSzP8IrnoxXf4+J/8ayclDwJZO8vDeTmXmhZFQbz/tySlvbO7t75X334PDo+KRyetbTSaow6eKEJeoxRJowKkjXUMPIo1QE8ZCRfji9W/r9GVGaJuLBzCUJOBoLGlOMjJX6tfbTUPLaqFL1Gl4BuEn8FamCFTqjyucwSnDKiTCYIa0HvidNkCFlKGYkd4epJhLhKRqTQTSjUgvEiQ6y5+Li3IV12xDBOFG2hIGF/HsqQ1zrOQ9zWOfITPS6txT/8wapiW+CjAqZGiJwXiyKUwZNApf/w4gqgg2bW4KwovZeiCdIIWxsSq4Nwl9/e5P0mg3f8vtmtXW7iqQMLsAluAI+uAYt0AYd0AUYTMELWIBXxzgL5815/2ktOauZc/AHzsc37B2QWA==</latexit><latexit sha1_base64="8t/M5KH5OxQiorKCoRoL3V3aB24=">AAAB8nicbVBNTwIxEO3iF65fqEcvjUDiiexy0SPRC0dMBExgJd1uFxrabtN2iWSzP8IrnoxXf4+J/8ayclDwJZO8vDeTmXmhZFQbz/tySlvbO7t75X334PDo+KRyetbTSaow6eKEJeoxRJowKkjXUMPIo1QE8ZCRfji9W/r9GVGaJuLBzCUJOBoLGlOMjJX6tfbTUPLaqFL1Gl4BuEn8FamCFTqjyucwSnDKiTCYIa0HvidNkCFlKGYkd4epJhLhKRqTQTSjUgvEiQ6y5+Li3IV12xDBOFG2hIGF/HsqQ1zrOQ9zWOfITPS6txT/8wapiW+CjAqZGiJwXiyKUwZNApf/w4gqgg2bW4KwovZeiCdIIWxsSq4Nwl9/e5P0mg3f8vtmtXW7iqQMLsAluAI+uAYt0AYd0AUYTMELWIBXxzgL5815/2ktOauZc/AHzsc37B2QWA==</latexit><latexit sha1_base64="8t/M5KH5OxQiorKCoRoL3V3aB24=">AAAB8nicbVBNTwIxEO3iF65fqEcvjUDiiexy0SPRC0dMBExgJd1uFxrabtN2iWSzP8IrnoxXf4+J/8ayclDwJZO8vDeTmXmhZFQbz/tySlvbO7t75X334PDo+KRyetbTSaow6eKEJeoxRJowKkjXUMPIo1QE8ZCRfji9W/r9GVGaJuLBzCUJOBoLGlOMjJX6tfbTUPLaqFL1Gl4BuEn8FamCFTqjyucwSnDKiTCYIa0HvidNkCFlKGYkd4epJhLhKRqTQTSjUgvEiQ6y5+Li3IV12xDBOFG2hIGF/HsqQ1zrOQ9zWOfITPS6txT/8wapiW+CjAqZGiJwXiyKUwZNApf/w4gqgg2bW4KwovZeiCdIIWxsSq4Nwl9/e5P0mg3f8vtmtXW7iqQMLsAluAI+uAYt0AYd0AUYTMELWIBXxzgL5815/2ktOauZc/AHzsc37B2QWA==</latexit><latexit sha1_base64="8t/M5KH5OxQiorKCoRoL3V3aB24=">AAAB8nicbVBNTwIxEO3iF65fqEcvjUDiiexy0SPRC0dMBExgJd1uFxrabtN2iWSzP8IrnoxXf4+J/8ayclDwJZO8vDeTmXmhZFQbz/tySlvbO7t75X334PDo+KRyetbTSaow6eKEJeoxRJowKkjXUMPIo1QE8ZCRfji9W/r9GVGaJuLBzCUJOBoLGlOMjJX6tfbTUPLaqFL1Gl4BuEn8FamCFTqjyucwSnDKiTCYIa0HvidNkCFlKGYkd4epJhLhKRqTQTSjUgvEiQ6y5+Li3IV12xDBOFG2hIGF/HsqQ1zrOQ9zWOfITPS6txT/8wapiW+CjAqZGiJwXiyKUwZNApf/w4gqgg2bW4KwovZeiCdIIWxsSq4Nwl9/e5P0mg3f8vtmtXW7iqQMLsAluAI+uAYt0AYd0AUYTMELWIBXxzgL5815/2ktOauZc/AHzsc37B2QWA==</latexit>

Production of the Charged Higgs (H±) 
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D. Tuckler

Decays of the Neutral Higgs (H) 
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D. Tuckler

Decays of the Neutral Higgs (H) 

• “Classic” decays modes (ττ, 
bb) are suppressed
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D. Tuckler

Decays of the Neutral Higgs (H) 

• “Classic” decays modes (ττ, 
bb) are suppressed

• Flavor-violating (ct, bs, τμ) 
decays are now present 
(compared to Type II)!
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D. Tuckler

Decays of the Neutral Higgs (H) 

• “Classic” decays modes (ττ, 
bb) are suppressed

• Flavor-violating (ct, bs, τμ) 
decays are now present 
(compared to Type II)!

• Dominant decay modes are to 
charm-charm and charm-top

• Decay to muons becomes 
sizable

• Inspired an ATLAS search!
arxiv:1901.08144
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https://arxiv.org/pdf/1901.08144.pdf


D. Tuckler

Production of the Neutral Higgs (H) 
❖ Dominant production mode is charm-

charm fusion

❖ Associated production with a b quark 
is generically suppressed compared to 
Type II 2HDM

❖ Dominant contribution is from strange 
quark initiated process!
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<latexit sha1_base64="ukdludNNFw1SqetjdBVAfwoB/dI=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LLYFTyXpRY9FLx4r2g9oQ9lsNu3STbLsboql5Cd4rSfx6i8S/DduYw7a+mDg8d4MM/N8wZnSjvNllba2d3b3yvv2weHR8Unl9KyrklQS2iEJT2Tfx4pyFtOOZprTvpAURz6nPX96t/J7MyoVS+InPRfUi/A4ZiEjWBvpsaZqo0rVaTg50CZxC1KFAu1R5XMYJCSNaKwJx0oNXEdob4GlZoTTzB6migpMpnhMB8GMCRXjiCpv8Zxfm9mobhoCFCbSVKxRLv+eWuBIqXnkZ6geYT1R695K/M8bpDq88RYsFqmmMcnyRWHKkU7Q6ncUMEmJ5nNDMJHM3IvIBEtMtEnINkG4629vkm6z4Rr+0Ky2botIynABl3AFLlxDC+6hDR0gMIYXWMKrJayl9Wa9/7SWrGLmHP7A+vgGJYWOxA==</latexit><latexit sha1_base64="ukdludNNFw1SqetjdBVAfwoB/dI=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LLYFTyXpRY9FLx4r2g9oQ9lsNu3STbLsboql5Cd4rSfx6i8S/DduYw7a+mDg8d4MM/N8wZnSjvNllba2d3b3yvv2weHR8Unl9KyrklQS2iEJT2Tfx4pyFtOOZprTvpAURz6nPX96t/J7MyoVS+InPRfUi/A4ZiEjWBvpsaZqo0rVaTg50CZxC1KFAu1R5XMYJCSNaKwJx0oNXEdob4GlZoTTzB6migpMpnhMB8GMCRXjiCpv8Zxfm9mobhoCFCbSVKxRLv+eWuBIqXnkZ6geYT1R695K/M8bpDq88RYsFqmmMcnyRWHKkU7Q6ncUMEmJ5nNDMJHM3IvIBEtMtEnINkG4629vkm6z4Rr+0Ky2botIynABl3AFLlxDC+6hDR0gMIYXWMKrJayl9Wa9/7SWrGLmHP7A+vgGJYWOxA==</latexit><latexit sha1_base64="ukdludNNFw1SqetjdBVAfwoB/dI=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LLYFTyXpRY9FLx4r2g9oQ9lsNu3STbLsboql5Cd4rSfx6i8S/DduYw7a+mDg8d4MM/N8wZnSjvNllba2d3b3yvv2weHR8Unl9KyrklQS2iEJT2Tfx4pyFtOOZprTvpAURz6nPX96t/J7MyoVS+InPRfUi/A4ZiEjWBvpsaZqo0rVaTg50CZxC1KFAu1R5XMYJCSNaKwJx0oNXEdob4GlZoTTzB6migpMpnhMB8GMCRXjiCpv8Zxfm9mobhoCFCbSVKxRLv+eWuBIqXnkZ6geYT1R695K/M8bpDq88RYsFqmmMcnyRWHKkU7Q6ncUMEmJ5nNDMJHM3IvIBEtMtEnINkG4629vkm6z4Rr+0Ky2botIynABl3AFLlxDC+6hDR0gMIYXWMKrJayl9Wa9/7SWrGLmHP7A+vgGJYWOxA==</latexit><latexit sha1_base64="ukdludNNFw1SqetjdBVAfwoB/dI=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LLYFTyXpRY9FLx4r2g9oQ9lsNu3STbLsboql5Cd4rSfx6i8S/DduYw7a+mDg8d4MM/N8wZnSjvNllba2d3b3yvv2weHR8Unl9KyrklQS2iEJT2Tfx4pyFtOOZprTvpAURz6nPX96t/J7MyoVS+InPRfUi/A4ZiEjWBvpsaZqo0rVaTg50CZxC1KFAu1R5XMYJCSNaKwJx0oNXEdob4GlZoTTzB6migpMpnhMB8GMCRXjiCpv8Zxfm9mobhoCFCbSVKxRLv+eWuBIqXnkZ6geYT1R695K/M8bpDq88RYsFqmmMcnyRWHKkU7Q6ncUMEmJ5nNDMJHM3IvIBEtMtEnINkG4629vkm6z4Rr+0Ky2botIynABl3AFLlxDC+6hDR0gMIYXWMKrJayl9Wa9/7SWrGLmHP7A+vgGJYWOxA==</latexit> H<latexit sha1_base64="D0ateuT1huTmaq1BZCCQU3sVkJk=">AAAB7nicbVBNS8NAEJ34WetX1aOXxbbgqSS96LHopceK9gPaUDabTbt0swm7m2IJ+Qle60m8+osE/43bmIO2Phh4vDfDzDwv5kxp2/6ytrZ3dvf2Swflw6Pjk9PK2XlPRYkktEsiHsmBhxXlTNCuZprTQSwpDj1O+97sfuX351QqFoknvYipG+KJYAEjWBvpsdaujStVu2HnQJvEKUgVCnTGlc+RH5EkpEITjpUaOnas3RRLzQinWXmUKBpjMsMTOvTnLFYCh1S56XN+bVZGddPgoyCSpoRGufx7KsWhUovQy1A9xHqq1r2V+J83THRw66ZMxImmgmT5oiDhSEdo9TvymaRE84UhmEhm7kVkiiUm2iRUNkE4629vkl6z4Rj+0Ky27opISnAJV3ANDtxAC9rQgS4QmMALLOHViq2l9Wa9/7RuWcXMBfyB9fEN43OOmQ==</latexit><latexit sha1_base64="D0ateuT1huTmaq1BZCCQU3sVkJk=">AAAB7nicbVBNS8NAEJ34WetX1aOXxbbgqSS96LHopceK9gPaUDabTbt0swm7m2IJ+Qle60m8+osE/43bmIO2Phh4vDfDzDwv5kxp2/6ytrZ3dvf2Swflw6Pjk9PK2XlPRYkktEsiHsmBhxXlTNCuZprTQSwpDj1O+97sfuX351QqFoknvYipG+KJYAEjWBvpsdaujStVu2HnQJvEKUgVCnTGlc+RH5EkpEITjpUaOnas3RRLzQinWXmUKBpjMsMTOvTnLFYCh1S56XN+bVZGddPgoyCSpoRGufx7KsWhUovQy1A9xHqq1r2V+J83THRw66ZMxImmgmT5oiDhSEdo9TvymaRE84UhmEhm7kVkiiUm2iRUNkE4629vkl6z4Rj+0Ky27opISnAJV3ANDtxAC9rQgS4QmMALLOHViq2l9Wa9/7RuWcXMBfyB9fEN43OOmQ==</latexit><latexit sha1_base64="D0ateuT1huTmaq1BZCCQU3sVkJk=">AAAB7nicbVBNS8NAEJ34WetX1aOXxbbgqSS96LHopceK9gPaUDabTbt0swm7m2IJ+Qle60m8+osE/43bmIO2Phh4vDfDzDwv5kxp2/6ytrZ3dvf2Swflw6Pjk9PK2XlPRYkktEsiHsmBhxXlTNCuZprTQSwpDj1O+97sfuX351QqFoknvYipG+KJYAEjWBvpsdaujStVu2HnQJvEKUgVCnTGlc+RH5EkpEITjpUaOnas3RRLzQinWXmUKBpjMsMTOvTnLFYCh1S56XN+bVZGddPgoyCSpoRGufx7KsWhUovQy1A9xHqq1r2V+J83THRw66ZMxImmgmT5oiDhSEdo9TvymaRE84UhmEhm7kVkiiUm2iRUNkE4629vkl6z4Rj+0Ky27opISnAJV3ANDtxAC9rQgS4QmMALLOHViq2l9Wa9/7RuWcXMBfyB9fEN43OOmQ==</latexit><latexit sha1_base64="D0ateuT1huTmaq1BZCCQU3sVkJk=">AAAB7nicbVBNS8NAEJ34WetX1aOXxbbgqSS96LHopceK9gPaUDabTbt0swm7m2IJ+Qle60m8+osE/43bmIO2Phh4vDfDzDwv5kxp2/6ytrZ3dvf2Swflw6Pjk9PK2XlPRYkktEsiHsmBhxXlTNCuZprTQSwpDj1O+97sfuX351QqFoknvYipG+KJYAEjWBvpsdaujStVu2HnQJvEKUgVCnTGlc+RH5EkpEITjpUaOnas3RRLzQinWXmUKBpjMsMTOvTnLFYCh1S56XN+bVZGddPgoyCSpoRGufx7KsWhUovQy1A9xHqq1r2V+J83THRw66ZMxImmgmT5oiDhSEdo9TvymaRE84UhmEhm7kVkiiUm2iRUNkE4629vkl6z4Rj+0Ky27opISnAJV3ANDtxAC9rQgS4QmMALLOHViq2l9Wa9/7RuWcXMBfyB9fEN43OOmQ==</latexit>

b
<latexit sha1_base64="fptWMLl7VeJw2aUwNPNfnuitbh0=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LLYFTyXpRY9FLx4r2g9oQ9lsNu3STbLsboql5Cd4rSfx6i8S/DduYw7a+mDg8d4MM/N8wZnSjvNllba2d3b3yvv2weHR8Unl9KyrklQS2iEJT2Tfx4pyFtOOZprTvpAURz6nPX96t/J7MyoVS+InPRfUi/A4ZiEjWBvpsebXRpWq03ByoE3iFqQKBdqjyucwSEga0VgTjpUauI7Q3gJLzQinmT1MFRWYTPGYDoIZEyrGEVXe4jm/NrNR3TQEKEykqVijXP49tcCRUvPIz1A9wnqi1r2V+J83SHV44y1YLFJNY5Lli8KUI52g1e8oYJISzeeGYCKZuReRCZaYaJOQbYJw19/eJN1mwzX8oVlt3RaRlOECLuEKXLiGFtxDGzpAYAwvsIRXS1hL6816/2ktWcXMOfyB9fENC2yOsw==</latexit><latexit sha1_base64="fptWMLl7VeJw2aUwNPNfnuitbh0=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LLYFTyXpRY9FLx4r2g9oQ9lsNu3STbLsboql5Cd4rSfx6i8S/DduYw7a+mDg8d4MM/N8wZnSjvNllba2d3b3yvv2weHR8Unl9KyrklQS2iEJT2Tfx4pyFtOOZprTvpAURz6nPX96t/J7MyoVS+InPRfUi/A4ZiEjWBvpsebXRpWq03ByoE3iFqQKBdqjyucwSEga0VgTjpUauI7Q3gJLzQinmT1MFRWYTPGYDoIZEyrGEVXe4jm/NrNR3TQEKEykqVijXP49tcCRUvPIz1A9wnqi1r2V+J83SHV44y1YLFJNY5Lli8KUI52g1e8oYJISzeeGYCKZuReRCZaYaJOQbYJw19/eJN1mwzX8oVlt3RaRlOECLuEKXLiGFtxDGzpAYAwvsIRXS1hL6816/2ktWcXMOfyB9fENC2yOsw==</latexit><latexit sha1_base64="fptWMLl7VeJw2aUwNPNfnuitbh0=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LLYFTyXpRY9FLx4r2g9oQ9lsNu3STbLsboql5Cd4rSfx6i8S/DduYw7a+mDg8d4MM/N8wZnSjvNllba2d3b3yvv2weHR8Unl9KyrklQS2iEJT2Tfx4pyFtOOZprTvpAURz6nPX96t/J7MyoVS+InPRfUi/A4ZiEjWBvpsebXRpWq03ByoE3iFqQKBdqjyucwSEga0VgTjpUauI7Q3gJLzQinmT1MFRWYTPGYDoIZEyrGEVXe4jm/NrNR3TQEKEykqVijXP49tcCRUvPIz1A9wnqi1r2V+J83SHV44y1YLFJNY5Lli8KUI52g1e8oYJISzeeGYCKZuReRCZaYaJOQbYJw19/eJN1mwzX8oVlt3RaRlOECLuEKXLiGFtxDGzpAYAwvsIRXS1hL6816/2ktWcXMOfyB9fENC2yOsw==</latexit><latexit sha1_base64="fptWMLl7VeJw2aUwNPNfnuitbh0=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LLYFTyXpRY9FLx4r2g9oQ9lsNu3STbLsboql5Cd4rSfx6i8S/DduYw7a+mDg8d4MM/N8wZnSjvNllba2d3b3yvv2weHR8Unl9KyrklQS2iEJT2Tfx4pyFtOOZprTvpAURz6nPX96t/J7MyoVS+InPRfUi/A4ZiEjWBvpsebXRpWq03ByoE3iFqQKBdqjyucwSEga0VgTjpUauI7Q3gJLzQinmT1MFRWYTPGYDoIZEyrGEVXe4jm/NrNR3TQEKEykqVijXP49tcCRUvPIz1A9wnqi1r2V+J83SHV44y1YLFJNY5Lli8KUI52g1e8oYJISzeeGYCKZuReRCZaYaJOQbYJw19/eJN1mwzX8oVlt3RaRlOECLuEKXLiGFtxDGzpAYAwvsIRXS1hL6816/2ktWcXMOfyB9fENC2yOsw==</latexit>
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<latexit sha1_base64="pZ3VqGr/12RPGkzjtgQZebcfRxM=">AAAB7nicbVDLTsMwEHTKq4RXgSMXi7YSpyrpBY4VXDgWQR9SG1WO46RWHceynYoqyidwLSfElS9C4m9wQw7QMtJKo5ld7e74glGlHefLqmxt7+zuVfftg8Oj45Pa6VlfJanEpIcTlsihjxRhlJOeppqRoZAExT4jA392t/IHcyIVTfiTXgjixSjiNKQYaSM9NqLGpFZ3Wk4BuEncktRBie6k9jkOEpzGhGvMkFIj1xHay5DUFDOS2+NUEYHwDEVkFMypUBzFRHnZc3FtbsOmaQhgmEhTXMNC/j2VoVipReznsBkjPVXr3kr8zxulOrzxMspFqgnHebEoTBnUCVz9DgMqCdZsYQjCkpp7IZ4iibA2CdkmCHf97U3Sb7dcwx/a9c5tGUkVXIBLcAVccA064B50QQ9gEIEXsASvlrCW1pv1/tNascqZc/AH1sc3ExmOuA==</latexit><latexit sha1_base64="pZ3VqGr/12RPGkzjtgQZebcfRxM=">AAAB7nicbVDLTsMwEHTKq4RXgSMXi7YSpyrpBY4VXDgWQR9SG1WO46RWHceynYoqyidwLSfElS9C4m9wQw7QMtJKo5ld7e74glGlHefLqmxt7+zuVfftg8Oj45Pa6VlfJanEpIcTlsihjxRhlJOeppqRoZAExT4jA392t/IHcyIVTfiTXgjixSjiNKQYaSM9NqLGpFZ3Wk4BuEncktRBie6k9jkOEpzGhGvMkFIj1xHay5DUFDOS2+NUEYHwDEVkFMypUBzFRHnZc3FtbsOmaQhgmEhTXMNC/j2VoVipReznsBkjPVXr3kr8zxulOrzxMspFqgnHebEoTBnUCVz9DgMqCdZsYQjCkpp7IZ4iibA2CdkmCHf97U3Sb7dcwx/a9c5tGUkVXIBLcAVccA064B50QQ9gEIEXsASvlrCW1pv1/tNascqZc/AH1sc3ExmOuA==</latexit><latexit sha1_base64="pZ3VqGr/12RPGkzjtgQZebcfRxM=">AAAB7nicbVDLTsMwEHTKq4RXgSMXi7YSpyrpBY4VXDgWQR9SG1WO46RWHceynYoqyidwLSfElS9C4m9wQw7QMtJKo5ld7e74glGlHefLqmxt7+zuVfftg8Oj45Pa6VlfJanEpIcTlsihjxRhlJOeppqRoZAExT4jA392t/IHcyIVTfiTXgjixSjiNKQYaSM9NqLGpFZ3Wk4BuEncktRBie6k9jkOEpzGhGvMkFIj1xHay5DUFDOS2+NUEYHwDEVkFMypUBzFRHnZc3FtbsOmaQhgmEhTXMNC/j2VoVipReznsBkjPVXr3kr8zxulOrzxMspFqgnHebEoTBnUCVz9DgMqCdZsYQjCkpp7IZ4iibA2CdkmCHf97U3Sb7dcwx/a9c5tGUkVXIBLcAVccA064B50QQ9gEIEXsASvlrCW1pv1/tNascqZc/AH1sc3ExmOuA==</latexit><latexit sha1_base64="pZ3VqGr/12RPGkzjtgQZebcfRxM=">AAAB7nicbVDLTsMwEHTKq4RXgSMXi7YSpyrpBY4VXDgWQR9SG1WO46RWHceynYoqyidwLSfElS9C4m9wQw7QMtJKo5ld7e74glGlHefLqmxt7+zuVfftg8Oj45Pa6VlfJanEpIcTlsihjxRhlJOeppqRoZAExT4jA392t/IHcyIVTfiTXgjixSjiNKQYaSM9NqLGpFZ3Wk4BuEncktRBie6k9jkOEpzGhGvMkFIj1xHay5DUFDOS2+NUEYHwDEVkFMypUBzFRHnZc3FtbsOmaQhgmEhTXMNC/j2VoVipReznsBkjPVXr3kr8zxulOrzxMspFqgnHebEoTBnUCVz9DgMqCdZsYQjCkpp7IZ4iibA2CdkmCHf97U3Sb7dcwx/a9c5tGUkVXIBLcAVccA064B50QQ9gEIEXsASvlrCW1pv1/tNascqZc/AH1sc3ExmOuA==</latexit>

c
<latexit sha1_base64="8snaZsS8yVnUm8Dmz657gr4oEbo=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LLYFTyXpRY9FLx4r2g9oQ9lsNu3STbLsboql5Cd4rSfx6i8S/DduYw7a+mDg8d4MM/N8wZnSjvNllba2d3b3yvv2weHR8Unl9KyrklQS2iEJT2Tfx4pyFtOOZprTvpAURz6nPX96t/J7MyoVS+InPRfUi/A4ZiEjWBvpsUZqo0rVaTg50CZxC1KFAu1R5XMYJCSNaKwJx0oNXEdob4GlZoTTzB6migpMpnhMB8GMCRXjiCpv8Zxfm9mobhoCFCbSVKxRLv+eWuBIqXnkZ6geYT1R695K/M8bpDq88RYsFqmmMcnyRWHKkU7Q6ncUMEmJ5nNDMJHM3IvIBEtMtEnINkG4629vkm6z4Rr+0Ky2botIynABl3AFLlxDC+6hDR0gMIYXWMKrJayl9Wa9/7SWrGLmHP7A+vgGDPWOtA==</latexit><latexit sha1_base64="8snaZsS8yVnUm8Dmz657gr4oEbo=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LLYFTyXpRY9FLx4r2g9oQ9lsNu3STbLsboql5Cd4rSfx6i8S/DduYw7a+mDg8d4MM/N8wZnSjvNllba2d3b3yvv2weHR8Unl9KyrklQS2iEJT2Tfx4pyFtOOZprTvpAURz6nPX96t/J7MyoVS+InPRfUi/A4ZiEjWBvpsUZqo0rVaTg50CZxC1KFAu1R5XMYJCSNaKwJx0oNXEdob4GlZoTTzB6migpMpnhMB8GMCRXjiCpv8Zxfm9mobhoCFCbSVKxRLv+eWuBIqXnkZ6geYT1R695K/M8bpDq88RYsFqmmMcnyRWHKkU7Q6ncUMEmJ5nNDMJHM3IvIBEtMtEnINkG4629vkm6z4Rr+0Ky2botIynABl3AFLlxDC+6hDR0gMIYXWMKrJayl9Wa9/7SWrGLmHP7A+vgGDPWOtA==</latexit><latexit sha1_base64="8snaZsS8yVnUm8Dmz657gr4oEbo=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LLYFTyXpRY9FLx4r2g9oQ9lsNu3STbLsboql5Cd4rSfx6i8S/DduYw7a+mDg8d4MM/N8wZnSjvNllba2d3b3yvv2weHR8Unl9KyrklQS2iEJT2Tfx4pyFtOOZprTvpAURz6nPX96t/J7MyoVS+InPRfUi/A4ZiEjWBvpsUZqo0rVaTg50CZxC1KFAu1R5XMYJCSNaKwJx0oNXEdob4GlZoTTzB6migpMpnhMB8GMCRXjiCpv8Zxfm9mobhoCFCbSVKxRLv+eWuBIqXnkZ6geYT1R695K/M8bpDq88RYsFqmmMcnyRWHKkU7Q6ncUMEmJ5nNDMJHM3IvIBEtMtEnINkG4629vkm6z4Rr+0Ky2botIynABl3AFLlxDC+6hDR0gMIYXWMKrJayl9Wa9/7SWrGLmHP7A+vgGDPWOtA==</latexit><latexit sha1_base64="8snaZsS8yVnUm8Dmz657gr4oEbo=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LLYFTyXpRY9FLx4r2g9oQ9lsNu3STbLsboql5Cd4rSfx6i8S/DduYw7a+mDg8d4MM/N8wZnSjvNllba2d3b3yvv2weHR8Unl9KyrklQS2iEJT2Tfx4pyFtOOZprTvpAURz6nPX96t/J7MyoVS+InPRfUi/A4ZiEjWBvpsUZqo0rVaTg50CZxC1KFAu1R5XMYJCSNaKwJx0oNXEdob4GlZoTTzB6migpMpnhMB8GMCRXjiCpv8Zxfm9mobhoCFCbSVKxRLv+eWuBIqXnkZ6geYT1R695K/M8bpDq88RYsFqmmMcnyRWHKkU7Q6ncUMEmJ5nNDMJHM3IvIBEtMtEnINkG4629vkm6z4Rr+0Ky2botIynABl3AFLlxDC+6hDR0gMIYXWMKrJayl9Wa9/7SWrGLmHP7A+vgGDPWOtA==</latexit>

H
±

<latexit sha1_base64="8t/M5KH5OxQiorKCoRoL3V3aB24=">AAAB8nicbVBNTwIxEO3iF65fqEcvjUDiiexy0SPRC0dMBExgJd1uFxrabtN2iWSzP8IrnoxXf4+J/8ayclDwJZO8vDeTmXmhZFQbz/tySlvbO7t75X334PDo+KRyetbTSaow6eKEJeoxRJowKkjXUMPIo1QE8ZCRfji9W/r9GVGaJuLBzCUJOBoLGlOMjJX6tfbTUPLaqFL1Gl4BuEn8FamCFTqjyucwSnDKiTCYIa0HvidNkCFlKGYkd4epJhLhKRqTQTSjUgvEiQ6y5+Li3IV12xDBOFG2hIGF/HsqQ1zrOQ9zWOfITPS6txT/8wapiW+CjAqZGiJwXiyKUwZNApf/w4gqgg2bW4KwovZeiCdIIWxsSq4Nwl9/e5P0mg3f8vtmtXW7iqQMLsAluAI+uAYt0AYd0AUYTMELWIBXxzgL5815/2ktOauZc/AHzsc37B2QWA==</latexit><latexit sha1_base64="8t/M5KH5OxQiorKCoRoL3V3aB24=">AAAB8nicbVBNTwIxEO3iF65fqEcvjUDiiexy0SPRC0dMBExgJd1uFxrabtN2iWSzP8IrnoxXf4+J/8ayclDwJZO8vDeTmXmhZFQbz/tySlvbO7t75X334PDo+KRyetbTSaow6eKEJeoxRJowKkjXUMPIo1QE8ZCRfji9W/r9GVGaJuLBzCUJOBoLGlOMjJX6tfbTUPLaqFL1Gl4BuEn8FamCFTqjyucwSnDKiTCYIa0HvidNkCFlKGYkd4epJhLhKRqTQTSjUgvEiQ6y5+Li3IV12xDBOFG2hIGF/HsqQ1zrOQ9zWOfITPS6txT/8wapiW+CjAqZGiJwXiyKUwZNApf/w4gqgg2bW4KwovZeiCdIIWxsSq4Nwl9/e5P0mg3f8vtmtXW7iqQMLsAluAI+uAYt0AYd0AUYTMELWIBXxzgL5815/2ktOauZc/AHzsc37B2QWA==</latexit><latexit sha1_base64="8t/M5KH5OxQiorKCoRoL3V3aB24=">AAAB8nicbVBNTwIxEO3iF65fqEcvjUDiiexy0SPRC0dMBExgJd1uFxrabtN2iWSzP8IrnoxXf4+J/8ayclDwJZO8vDeTmXmhZFQbz/tySlvbO7t75X334PDo+KRyetbTSaow6eKEJeoxRJowKkjXUMPIo1QE8ZCRfji9W/r9GVGaJuLBzCUJOBoLGlOMjJX6tfbTUPLaqFL1Gl4BuEn8FamCFTqjyucwSnDKiTCYIa0HvidNkCFlKGYkd4epJhLhKRqTQTSjUgvEiQ6y5+Li3IV12xDBOFG2hIGF/HsqQ1zrOQ9zWOfITPS6txT/8wapiW+CjAqZGiJwXiyKUwZNApf/w4gqgg2bW4KwovZeiCdIIWxsSq4Nwl9/e5P0mg3f8vtmtXW7iqQMLsAluAI+uAYt0AYd0AUYTMELWIBXxzgL5815/2ktOauZc/AHzsc37B2QWA==</latexit><latexit sha1_base64="8t/M5KH5OxQiorKCoRoL3V3aB24=">AAAB8nicbVBNTwIxEO3iF65fqEcvjUDiiexy0SPRC0dMBExgJd1uFxrabtN2iWSzP8IrnoxXf4+J/8ayclDwJZO8vDeTmXmhZFQbz/tySlvbO7t75X334PDo+KRyetbTSaow6eKEJeoxRJowKkjXUMPIo1QE8ZCRfji9W/r9GVGaJuLBzCUJOBoLGlOMjJX6tfbTUPLaqFL1Gl4BuEn8FamCFTqjyucwSnDKiTCYIa0HvidNkCFlKGYkd4epJhLhKRqTQTSjUgvEiQ6y5+Li3IV12xDBOFG2hIGF/HsqQ1zrOQ9zWOfITPS6txT/8wapiW+CjAqZGiJwXiyKUwZNApf/w4gqgg2bW4KwovZeiCdIIWxsSq4Nwl9/e5P0mg3f8vtmtXW7iqQMLsAluAI+uAYt0AYd0AUYTMELWIBXxzgL5815/2ktOauZc/AHzsc37B2QWA==</latexit>

c
<latexit sha1_base64="8snaZsS8yVnUm8Dmz657gr4oEbo=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LLYFTyXpRY9FLx4r2g9oQ9lsNu3STbLsboql5Cd4rSfx6i8S/DduYw7a+mDg8d4MM/N8wZnSjvNllba2d3b3yvv2weHR8Unl9KyrklQS2iEJT2Tfx4pyFtOOZprTvpAURz6nPX96t/J7MyoVS+InPRfUi/A4ZiEjWBvpsUZqo0rVaTg50CZxC1KFAu1R5XMYJCSNaKwJx0oNXEdob4GlZoTTzB6migpMpnhMB8GMCRXjiCpv8Zxfm9mobhoCFCbSVKxRLv+eWuBIqXnkZ6geYT1R695K/M8bpDq88RYsFqmmMcnyRWHKkU7Q6ncUMEmJ5nNDMJHM3IvIBEtMtEnINkG4629vkm6z4Rr+0Ky2botIynABl3AFLlxDC+6hDR0gMIYXWMKrJayl9Wa9/7SWrGLmHP7A+vgGDPWOtA==</latexit><latexit sha1_base64="8snaZsS8yVnUm8Dmz657gr4oEbo=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LLYFTyXpRY9FLx4r2g9oQ9lsNu3STbLsboql5Cd4rSfx6i8S/DduYw7a+mDg8d4MM/N8wZnSjvNllba2d3b3yvv2weHR8Unl9KyrklQS2iEJT2Tfx4pyFtOOZprTvpAURz6nPX96t/J7MyoVS+InPRfUi/A4ZiEjWBvpsUZqo0rVaTg50CZxC1KFAu1R5XMYJCSNaKwJx0oNXEdob4GlZoTTzB6migpMpnhMB8GMCRXjiCpv8Zxfm9mobhoCFCbSVKxRLv+eWuBIqXnkZ6geYT1R695K/M8bpDq88RYsFqmmMcnyRWHKkU7Q6ncUMEmJ5nNDMJHM3IvIBEtMtEnINkG4629vkm6z4Rr+0Ky2botIynABl3AFLlxDC+6hDR0gMIYXWMKrJayl9Wa9/7SWrGLmHP7A+vgGDPWOtA==</latexit><latexit sha1_base64="8snaZsS8yVnUm8Dmz657gr4oEbo=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LLYFTyXpRY9FLx4r2g9oQ9lsNu3STbLsboql5Cd4rSfx6i8S/DduYw7a+mDg8d4MM/N8wZnSjvNllba2d3b3yvv2weHR8Unl9KyrklQS2iEJT2Tfx4pyFtOOZprTvpAURz6nPX96t/J7MyoVS+InPRfUi/A4ZiEjWBvpsUZqo0rVaTg50CZxC1KFAu1R5XMYJCSNaKwJx0oNXEdob4GlZoTTzB6migpMpnhMB8GMCRXjiCpv8Zxfm9mobhoCFCbSVKxRLv+eWuBIqXnkZ6geYT1R695K/M8bpDq88RYsFqmmMcnyRWHKkU7Q6ncUMEmJ5nNDMJHM3IvIBEtMtEnINkG4629vkm6z4Rr+0Ky2botIynABl3AFLlxDC+6hDR0gMIYXWMKrJayl9Wa9/7SWrGLmHP7A+vgGDPWOtA==</latexit><latexit sha1_base64="8snaZsS8yVnUm8Dmz657gr4oEbo=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LLYFTyXpRY9FLx4r2g9oQ9lsNu3STbLsboql5Cd4rSfx6i8S/DduYw7a+mDg8d4MM/N8wZnSjvNllba2d3b3yvv2weHR8Unl9KyrklQS2iEJT2Tfx4pyFtOOZprTvpAURz6nPX96t/J7MyoVS+InPRfUi/A4ZiEjWBvpsUZqo0rVaTg50CZxC1KFAu1R5XMYJCSNaKwJx0oNXEdob4GlZoTTzB6migpMpnhMB8GMCRXjiCpv8Zxfm9mobhoCFCbSVKxRLv+eWuBIqXnkZ6geYT1R695K/M8bpDq88RYsFqmmMcnyRWHKkU7Q6ncUMEmJ5nNDMJHM3IvIBEtMtEnINkG4629vkm6z4Rr+0Ky2botIynABl3AFLlxDC+6hDR0gMIYXWMKrJayl9Wa9/7SWrGLmHP7A+vgGDPWOtA==</latexit>
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Collider Constraints on H±
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No bound above top threshold!
• Strongest constraints come from di-jet 

searches

• “Classic” search (tb) probe cross 
sections that are ~10 times larger than 
our predictions
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Collider Constraints on H±
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No bound above top threshold!
• Strongest constraints come from di-jet 

searches

• “Classic” search (tb) probe cross 
sections that are ~10 times larger than 
our predictions

• “Classic” search (τν) probe BRs that 
are ~20-100 times larger than our 
predictions, even at large tanβ!

• Strongest constraints are from 
searches for H±  decays to cb, cs

Below top threshold
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Collider Constraints on H
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• Non-standard phenomenology means 
that the standard searches are not 
necessarily the most sensitive!

• Most stringent constraints are from 
di-muon searches

• This is tanβ dependent! Lowering 
tanβ weakens the constraints.

• “Classic” search (ττ) does not yet 
probe our model!
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Novel Collider Signatures
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Neutral Higgs (H) Charged Higgs (H±)

pp ! H ! cc
<latexit sha1_base64="v+mqcRQKencsteZZY/GtC+zGViE=">AAACD3icbVC7TsMwFHV4lvAKMLJYfUhMVdIFxgqWjkWiD6mNKsdxWquOY9lOoYqys/IjrGVCrPwAEn9DGjLQliNd6fice+V7jycYVdq2v42t7Z3dvf3SgXl4dHxyap2dd1UUS0w6OGKR7HtIEUY56WiqGekLSVDoMdLzpndLvzcjUtGIP+i5IG6IxpwGFCOdSSOrXBUCDiUdTzSSMnqErZUXxrA6sip23c4BN4lTkAoo0B5ZX0M/wnFIuMYMKTVwbKHdBElNMSOpOYwVEQhP0ZgM/BkViqOQKDd5ys9JTVjLGnwYRDIrrmEu/51KUKjUPPRSWAuRnqh1byn+5w1iHdy4CeUi1oTjNP8oiBnUEVyGA30qCdZsnhGEJc32hXiCJMI6i9DMgnDWz94k3Ubdyfh9o9K8LSIpgUtQBlfAAdegCVqgDToAg2fwChbgzXgxFsa78fHbumUUMxdgBcbnD1uqm5A=</latexit><latexit sha1_base64="v+mqcRQKencsteZZY/GtC+zGViE=">AAACD3icbVC7TsMwFHV4lvAKMLJYfUhMVdIFxgqWjkWiD6mNKsdxWquOY9lOoYqys/IjrGVCrPwAEn9DGjLQliNd6fice+V7jycYVdq2v42t7Z3dvf3SgXl4dHxyap2dd1UUS0w6OGKR7HtIEUY56WiqGekLSVDoMdLzpndLvzcjUtGIP+i5IG6IxpwGFCOdSSOrXBUCDiUdTzSSMnqErZUXxrA6sip23c4BN4lTkAoo0B5ZX0M/wnFIuMYMKTVwbKHdBElNMSOpOYwVEQhP0ZgM/BkViqOQKDd5ys9JTVjLGnwYRDIrrmEu/51KUKjUPPRSWAuRnqh1byn+5w1iHdy4CeUi1oTjNP8oiBnUEVyGA30qCdZsnhGEJc32hXiCJMI6i9DMgnDWz94k3Ubdyfh9o9K8LSIpgUtQBlfAAdegCVqgDToAg2fwChbgzXgxFsa78fHbumUUMxdgBcbnD1uqm5A=</latexit><latexit sha1_base64="v+mqcRQKencsteZZY/GtC+zGViE=">AAACD3icbVC7TsMwFHV4lvAKMLJYfUhMVdIFxgqWjkWiD6mNKsdxWquOY9lOoYqys/IjrGVCrPwAEn9DGjLQliNd6fice+V7jycYVdq2v42t7Z3dvf3SgXl4dHxyap2dd1UUS0w6OGKR7HtIEUY56WiqGekLSVDoMdLzpndLvzcjUtGIP+i5IG6IxpwGFCOdSSOrXBUCDiUdTzSSMnqErZUXxrA6sip23c4BN4lTkAoo0B5ZX0M/wnFIuMYMKTVwbKHdBElNMSOpOYwVEQhP0ZgM/BkViqOQKDd5ys9JTVjLGnwYRDIrrmEu/51KUKjUPPRSWAuRnqh1byn+5w1iHdy4CeUi1oTjNP8oiBnUEVyGA30qCdZsnhGEJc32hXiCJMI6i9DMgnDWz94k3Ubdyfh9o9K8LSIpgUtQBlfAAdegCVqgDToAg2fwChbgzXgxFsa78fHbumUUMxdgBcbnD1uqm5A=</latexit><latexit sha1_base64="v+mqcRQKencsteZZY/GtC+zGViE=">AAACD3icbVC7TsMwFHV4lvAKMLJYfUhMVdIFxgqWjkWiD6mNKsdxWquOY9lOoYqys/IjrGVCrPwAEn9DGjLQliNd6fice+V7jycYVdq2v42t7Z3dvf3SgXl4dHxyap2dd1UUS0w6OGKR7HtIEUY56WiqGekLSVDoMdLzpndLvzcjUtGIP+i5IG6IxpwGFCOdSSOrXBUCDiUdTzSSMnqErZUXxrA6sip23c4BN4lTkAoo0B5ZX0M/wnFIuMYMKTVwbKHdBElNMSOpOYwVEQhP0ZgM/BkViqOQKDd5ys9JTVjLGnwYRDIrrmEu/51KUKjUPPRSWAuRnqh1byn+5w1iHdy4CeUi1oTjNP8oiBnUEVyGA30qCdZsnhGEJc32hXiCJMI6i9DMgnDWz94k3Ubdyfh9o9K8LSIpgUtQBlfAAdegCVqgDToAg2fwChbgzXgxFsa78fHbumUUMxdgBcbnD1uqm5A=</latexit>

pp ! tH ! tcc
<latexit sha1_base64="7krlsS9EW+Lt8Rr2UW8aFjm2W8s=">AAACE3icbVC7TsMwFHXKq4RXgJHFoi1iqpIuMFawdCwSfUhtVDmO01p1Est2ClWUP2DlR1jLhFhZkfgbnJIBWo5k6fice3XvPR5nVCrb/jJKG5tb2zvlXXNv/+DwyDo+6co4EZh0cMxi0feQJIxGpKOoYqTPBUGhx0jPm97mfm9GhKRxdK/mnLghGkc0oBgpLY2siyrncCjoeKKQEPEDVLC18scYVkdWxa7bS8B14hSkAgq0R9bn0I9xEpJIYYakHDg2V26KhKKYkcwcJpJwhKdoTAb+jHIZoZBIN31cnpSZsKYLfBjEQr9IL5HLv7tSFEo5D70M1kKkJnLVy8X/vEGigms3pRFPFIlwthwUJAyqGOYBQZ8KghWba4KwoHpfiCdIIKx0jKYOwlk9e510G3VH87tGpXlTRFIGZ+AcXAIHXIEmaIE26AAMnsALWIBX49lYGG/G+09pySh6TsEfGB/f5v6c4A==</latexit><latexit sha1_base64="7krlsS9EW+Lt8Rr2UW8aFjm2W8s=">AAACE3icbVC7TsMwFHXKq4RXgJHFoi1iqpIuMFawdCwSfUhtVDmO01p1Est2ClWUP2DlR1jLhFhZkfgbnJIBWo5k6fice3XvPR5nVCrb/jJKG5tb2zvlXXNv/+DwyDo+6co4EZh0cMxi0feQJIxGpKOoYqTPBUGhx0jPm97mfm9GhKRxdK/mnLghGkc0oBgpLY2siyrncCjoeKKQEPEDVLC18scYVkdWxa7bS8B14hSkAgq0R9bn0I9xEpJIYYakHDg2V26KhKKYkcwcJpJwhKdoTAb+jHIZoZBIN31cnpSZsKYLfBjEQr9IL5HLv7tSFEo5D70M1kKkJnLVy8X/vEGigms3pRFPFIlwthwUJAyqGOYBQZ8KghWba4KwoHpfiCdIIKx0jKYOwlk9e510G3VH87tGpXlTRFIGZ+AcXAIHXIEmaIE26AAMnsALWIBX49lYGG/G+09pySh6TsEfGB/f5v6c4A==</latexit><latexit sha1_base64="7krlsS9EW+Lt8Rr2UW8aFjm2W8s=">AAACE3icbVC7TsMwFHXKq4RXgJHFoi1iqpIuMFawdCwSfUhtVDmO01p1Est2ClWUP2DlR1jLhFhZkfgbnJIBWo5k6fice3XvPR5nVCrb/jJKG5tb2zvlXXNv/+DwyDo+6co4EZh0cMxi0feQJIxGpKOoYqTPBUGhx0jPm97mfm9GhKRxdK/mnLghGkc0oBgpLY2siyrncCjoeKKQEPEDVLC18scYVkdWxa7bS8B14hSkAgq0R9bn0I9xEpJIYYakHDg2V26KhKKYkcwcJpJwhKdoTAb+jHIZoZBIN31cnpSZsKYLfBjEQr9IL5HLv7tSFEo5D70M1kKkJnLVy8X/vEGigms3pRFPFIlwthwUJAyqGOYBQZ8KghWba4KwoHpfiCdIIKx0jKYOwlk9e510G3VH87tGpXlTRFIGZ+AcXAIHXIEmaIE26AAMnsALWIBX49lYGG/G+09pySh6TsEfGB/f5v6c4A==</latexit><latexit sha1_base64="7krlsS9EW+Lt8Rr2UW8aFjm2W8s=">AAACE3icbVC7TsMwFHXKq4RXgJHFoi1iqpIuMFawdCwSfUhtVDmO01p1Est2ClWUP2DlR1jLhFhZkfgbnJIBWo5k6fice3XvPR5nVCrb/jJKG5tb2zvlXXNv/+DwyDo+6co4EZh0cMxi0feQJIxGpKOoYqTPBUGhx0jPm97mfm9GhKRxdK/mnLghGkc0oBgpLY2siyrncCjoeKKQEPEDVLC18scYVkdWxa7bS8B14hSkAgq0R9bn0I9xEpJIYYakHDg2V26KhKKYkcwcJpJwhKdoTAb+jHIZoZBIN31cnpSZsKYLfBjEQr9IL5HLv7tSFEo5D70M1kKkJnLVy8X/vEGigms3pRFPFIlwthwUJAyqGOYBQZ8KghWba4KwoHpfiCdIIKx0jKYOwlk9e510G3VH87tGpXlTRFIGZ+AcXAIHXIEmaIE26AAMnsALWIBX49lYGG/G+09pySh6TsEfGB/f5v6c4A==</latexit>

pp ! H
± ! cs

<latexit sha1_base64="CEWcglKF2GdRe9hPNj4hFtOf0WI=">AAACE3icbVC7TsNAEDyHVzAvAyXNiSSIKrLTQBlBkzJI5CHFJjqfz8kpZ/t0dw5Elv+Alh+hDRWipUXib3CMC5Iw0kqjmV3t7ricUalM81srbWxube+Ud/W9/YPDI+P4pCujWGDSwRGLRN9FkjAako6iipE+FwQFLiM9d3K78HtTIiSNwns148QJ0CikPsVIZdLQuKhyDm1BR2OFhIgeYevB5sGSgiWsDo2KWTdzwHViFaQCCrSHxpftRTgOSKgwQ1IOLJMrJ0FCUcxIqtuxJBzhCRqRgTelXIYoINJJnvKXUh3WsgYP+pHIKlQwl/9OJSiQcha4KawFSI3lqrcQ//MGsfKvnYSGPFYkxGm+yI8ZVBFcBAQ9KghWbJYRhAXN7oV4jATCKotRz4KwVt9eJ91G3cr4XaPSvCkiKYMzcA4ugQWuQBO0QBt0AAbP4BXMwZv2os21d+3jt7WkFTOnYAna5w+u7J1f</latexit><latexit sha1_base64="CEWcglKF2GdRe9hPNj4hFtOf0WI=">AAACE3icbVC7TsNAEDyHVzAvAyXNiSSIKrLTQBlBkzJI5CHFJjqfz8kpZ/t0dw5Elv+Alh+hDRWipUXib3CMC5Iw0kqjmV3t7ricUalM81srbWxube+Ud/W9/YPDI+P4pCujWGDSwRGLRN9FkjAako6iipE+FwQFLiM9d3K78HtTIiSNwns148QJ0CikPsVIZdLQuKhyDm1BR2OFhIgeYevB5sGSgiWsDo2KWTdzwHViFaQCCrSHxpftRTgOSKgwQ1IOLJMrJ0FCUcxIqtuxJBzhCRqRgTelXIYoINJJnvKXUh3WsgYP+pHIKlQwl/9OJSiQcha4KawFSI3lqrcQ//MGsfKvnYSGPFYkxGm+yI8ZVBFcBAQ9KghWbJYRhAXN7oV4jATCKotRz4KwVt9eJ91G3cr4XaPSvCkiKYMzcA4ugQWuQBO0QBt0AAbP4BXMwZv2os21d+3jt7WkFTOnYAna5w+u7J1f</latexit><latexit sha1_base64="CEWcglKF2GdRe9hPNj4hFtOf0WI=">AAACE3icbVC7TsNAEDyHVzAvAyXNiSSIKrLTQBlBkzJI5CHFJjqfz8kpZ/t0dw5Elv+Alh+hDRWipUXib3CMC5Iw0kqjmV3t7ricUalM81srbWxube+Ud/W9/YPDI+P4pCujWGDSwRGLRN9FkjAako6iipE+FwQFLiM9d3K78HtTIiSNwns148QJ0CikPsVIZdLQuKhyDm1BR2OFhIgeYevB5sGSgiWsDo2KWTdzwHViFaQCCrSHxpftRTgOSKgwQ1IOLJMrJ0FCUcxIqtuxJBzhCRqRgTelXIYoINJJnvKXUh3WsgYP+pHIKlQwl/9OJSiQcha4KawFSI3lqrcQ//MGsfKvnYSGPFYkxGm+yI8ZVBFcBAQ9KghWbJYRhAXN7oV4jATCKotRz4KwVt9eJ91G3cr4XaPSvCkiKYMzcA4ugQWuQBO0QBt0AAbP4BXMwZv2os21d+3jt7WkFTOnYAna5w+u7J1f</latexit><latexit sha1_base64="CEWcglKF2GdRe9hPNj4hFtOf0WI=">AAACE3icbVC7TsNAEDyHVzAvAyXNiSSIKrLTQBlBkzJI5CHFJjqfz8kpZ/t0dw5Elv+Alh+hDRWipUXib3CMC5Iw0kqjmV3t7ricUalM81srbWxube+Ud/W9/YPDI+P4pCujWGDSwRGLRN9FkjAako6iipE+FwQFLiM9d3K78HtTIiSNwns148QJ0CikPsVIZdLQuKhyDm1BR2OFhIgeYevB5sGSgiWsDo2KWTdzwHViFaQCCrSHxpftRTgOSKgwQ1IOLJMrJ0FCUcxIqtuxJBzhCRqRgTelXIYoINJJnvKXUh3WsgYP+pHIKlQwl/9OJSiQcha4KawFSI3lqrcQ//MGsfKvnYSGPFYkxGm+yI8ZVBFcBAQ9KghWbJYRhAXN7oV4jATCKotRz4KwVt9eJ91G3cr4XaPSvCkiKYMzcA4ugQWuQBO0QBt0AAbP4BXMwZv2os21d+3jt7WkFTOnYAna5w+u7J1f</latexit>

pp ! tH
± ! tµ⌫µ

<latexit sha1_base64="cfKjlUrZGdnMJcIc8xYCHjfTefo=">AAACIHicbVDLTgIxFO34xPGFunTTCCSuyAwudEl0wxITeSQMkk4p0NB2mvYOSggf4tYfcYsr48ZEv8YBZ6HgSW7uyTn3pr0n1IJb8LxPZ219Y3NrO7Pj7u7tHxxmj47rNooNZTUaicg0Q2KZ4IrVgINgTW0YkaFgjXB4M/cbI2Ysj9QdjDVrS9JXvMcpgUTqZC/yWuPA8P4AiDHRAwZcuQ+0XNICGeNAxZ15z3eyOa/oLYBXiZ+SHEpR7WQ/gm5EY8kUUEGsbfmehvaEGOBUsKkbxJZpQoekz1rdEddWEclse/K4uG/q4kIy0MW9yCSlAC/k31sTIq0dy3CKC5LAwC57c/E/rxVD76o94UrHwBSdLh7qxQJDhOdp4S43jIIYJ4RQw5P/YjoghlBIMnWTIPzls1dJvVT0E35bypWv00gy6BSdoXPko0tURhVURTVE0RN6QTP06jw7M+fNef8ZXXPSnRP0B87XN1kaom0=</latexit><latexit sha1_base64="cfKjlUrZGdnMJcIc8xYCHjfTefo=">AAACIHicbVDLTgIxFO34xPGFunTTCCSuyAwudEl0wxITeSQMkk4p0NB2mvYOSggf4tYfcYsr48ZEv8YBZ6HgSW7uyTn3pr0n1IJb8LxPZ219Y3NrO7Pj7u7tHxxmj47rNooNZTUaicg0Q2KZ4IrVgINgTW0YkaFgjXB4M/cbI2Ysj9QdjDVrS9JXvMcpgUTqZC/yWuPA8P4AiDHRAwZcuQ+0XNICGeNAxZ15z3eyOa/oLYBXiZ+SHEpR7WQ/gm5EY8kUUEGsbfmehvaEGOBUsKkbxJZpQoekz1rdEddWEclse/K4uG/q4kIy0MW9yCSlAC/k31sTIq0dy3CKC5LAwC57c/E/rxVD76o94UrHwBSdLh7qxQJDhOdp4S43jIIYJ4RQw5P/YjoghlBIMnWTIPzls1dJvVT0E35bypWv00gy6BSdoXPko0tURhVURTVE0RN6QTP06jw7M+fNef8ZXXPSnRP0B87XN1kaom0=</latexit><latexit sha1_base64="cfKjlUrZGdnMJcIc8xYCHjfTefo=">AAACIHicbVDLTgIxFO34xPGFunTTCCSuyAwudEl0wxITeSQMkk4p0NB2mvYOSggf4tYfcYsr48ZEv8YBZ6HgSW7uyTn3pr0n1IJb8LxPZ219Y3NrO7Pj7u7tHxxmj47rNooNZTUaicg0Q2KZ4IrVgINgTW0YkaFgjXB4M/cbI2Ysj9QdjDVrS9JXvMcpgUTqZC/yWuPA8P4AiDHRAwZcuQ+0XNICGeNAxZ15z3eyOa/oLYBXiZ+SHEpR7WQ/gm5EY8kUUEGsbfmehvaEGOBUsKkbxJZpQoekz1rdEddWEclse/K4uG/q4kIy0MW9yCSlAC/k31sTIq0dy3CKC5LAwC57c/E/rxVD76o94UrHwBSdLh7qxQJDhOdp4S43jIIYJ4RQw5P/YjoghlBIMnWTIPzls1dJvVT0E35bypWv00gy6BSdoXPko0tURhVURTVE0RN6QTP06jw7M+fNef8ZXXPSnRP0B87XN1kaom0=</latexit><latexit sha1_base64="cfKjlUrZGdnMJcIc8xYCHjfTefo=">AAACIHicbVDLTgIxFO34xPGFunTTCCSuyAwudEl0wxITeSQMkk4p0NB2mvYOSggf4tYfcYsr48ZEv8YBZ6HgSW7uyTn3pr0n1IJb8LxPZ219Y3NrO7Pj7u7tHxxmj47rNooNZTUaicg0Q2KZ4IrVgINgTW0YkaFgjXB4M/cbI2Ysj9QdjDVrS9JXvMcpgUTqZC/yWuPA8P4AiDHRAwZcuQ+0XNICGeNAxZ15z3eyOa/oLYBXiZ+SHEpR7WQ/gm5EY8kUUEGsbfmehvaEGOBUsKkbxJZpQoekz1rdEddWEclse/K4uG/q4kIy0MW9yCSlAC/k31sTIq0dy3CKC5LAwC57c/E/rxVD76o94UrHwBSdLh7qxQJDhOdp4S43jIIYJ4RQw5P/YjoghlBIMnWTIPzls1dJvVT0E35bypWv00gy6BSdoXPko0tURhVURTVE0RN6QTP06jw7M+fNef8ZXXPSnRP0B87XN1kaom0=</latexit>

pp ! tH
± ! tcs, tts

<latexit sha1_base64="0MNuSwLK2v/kw0O96jR/22bp/kc=">AAACGnicbVBNT8JAEN36ifiFevSyEUg8KGm56JHohSMm8pHQSrbLFjZs283uFCVNf4VX/4hXPBmvxsR/Y6kcBHzJJC/vzWRmnisF12Ca38ba+sbm1nZuJ7+7t39wWDg6bukwUpQ1aShC1XGJZoIHrAkcBOtIxYjvCtZ2R7czvz1mSvMwuIeJZI5PBgH3OCWQSr3CZUlKbCs+GAJRKnzEgOsPtvQXNaovMIAu9QpFs2JmwKvEmpMimqPRK3zZ/ZBGPguACqJ11zIlODFRwKlgSd6ONJOEjsiAdftjLnVAfKad+Cn7LMnjctrQx16o0goAZ/LfqZj4Wk98N8Fln8BQL3sz8T+vG4F37cQ8kBGwgCbZIi8SGEI8ywn3uWIUxCQlhCqe3ovpkChCIU0znwZhLb+9SlrVipXyu2qxdjOPJIdO0Rk6Rxa6QjVURw3URBQ9o1c0RW/GizE13o2P39Y1Yz5zghZgfP4ABc2gNA==</latexit><latexit sha1_base64="0MNuSwLK2v/kw0O96jR/22bp/kc=">AAACGnicbVBNT8JAEN36ifiFevSyEUg8KGm56JHohSMm8pHQSrbLFjZs283uFCVNf4VX/4hXPBmvxsR/Y6kcBHzJJC/vzWRmnisF12Ca38ba+sbm1nZuJ7+7t39wWDg6bukwUpQ1aShC1XGJZoIHrAkcBOtIxYjvCtZ2R7czvz1mSvMwuIeJZI5PBgH3OCWQSr3CZUlKbCs+GAJRKnzEgOsPtvQXNaovMIAu9QpFs2JmwKvEmpMimqPRK3zZ/ZBGPguACqJ11zIlODFRwKlgSd6ONJOEjsiAdftjLnVAfKad+Cn7LMnjctrQx16o0goAZ/LfqZj4Wk98N8Fln8BQL3sz8T+vG4F37cQ8kBGwgCbZIi8SGEI8ywn3uWIUxCQlhCqe3ovpkChCIU0znwZhLb+9SlrVipXyu2qxdjOPJIdO0Rk6Rxa6QjVURw3URBQ9o1c0RW/GizE13o2P39Y1Yz5zghZgfP4ABc2gNA==</latexit><latexit sha1_base64="0MNuSwLK2v/kw0O96jR/22bp/kc=">AAACGnicbVBNT8JAEN36ifiFevSyEUg8KGm56JHohSMm8pHQSrbLFjZs283uFCVNf4VX/4hXPBmvxsR/Y6kcBHzJJC/vzWRmnisF12Ca38ba+sbm1nZuJ7+7t39wWDg6bukwUpQ1aShC1XGJZoIHrAkcBOtIxYjvCtZ2R7czvz1mSvMwuIeJZI5PBgH3OCWQSr3CZUlKbCs+GAJRKnzEgOsPtvQXNaovMIAu9QpFs2JmwKvEmpMimqPRK3zZ/ZBGPguACqJ11zIlODFRwKlgSd6ONJOEjsiAdftjLnVAfKad+Cn7LMnjctrQx16o0goAZ/LfqZj4Wk98N8Fln8BQL3sz8T+vG4F37cQ8kBGwgCbZIi8SGEI8ywn3uWIUxCQlhCqe3ovpkChCIU0znwZhLb+9SlrVipXyu2qxdjOPJIdO0Rk6Rxa6QjVURw3URBQ9o1c0RW/GizE13o2P39Y1Yz5zghZgfP4ABc2gNA==</latexit><latexit sha1_base64="0MNuSwLK2v/kw0O96jR/22bp/kc=">AAACGnicbVBNT8JAEN36ifiFevSyEUg8KGm56JHohSMm8pHQSrbLFjZs283uFCVNf4VX/4hXPBmvxsR/Y6kcBHzJJC/vzWRmnisF12Ca38ba+sbm1nZuJ7+7t39wWDg6bukwUpQ1aShC1XGJZoIHrAkcBOtIxYjvCtZ2R7czvz1mSvMwuIeJZI5PBgH3OCWQSr3CZUlKbCs+GAJRKnzEgOsPtvQXNaovMIAu9QpFs2JmwKvEmpMimqPRK3zZ/ZBGPguACqJ11zIlODFRwKlgSd6ONJOEjsiAdftjLnVAfKad+Cn7LMnjctrQx16o0goAZ/LfqZj4Wk98N8Fln8BQL3sz8T+vG4F37cQ8kBGwgCbZIi8SGEI8ywn3uWIUxCQlhCqe3ovpkChCIU0znwZhLb+9SlrVipXyu2qxdjOPJIdO0Rk6Rxa6QjVURw3URBQ9o1c0RW/GizE13o2P39Y1Yz5zghZgfP4ABc2gNA==</latexit>

pp ! tH
± ! tcb

<latexit sha1_base64="/5nx8vSouPoAgfhYrpfJOMYLSQA=">AAACFXicbVBNT8JAEN3iF+JX1aOXjUDCibRc9Ej0whET+Ugoku12gQ3bdrM7RUnDX/DqH/GKJ+PVm4n/xlJ7EPAlk7y8N5OZea4UXINlfRu5re2d3b38fuHg8Oj4xDw9a+swUpS1aChC1XWJZoIHrAUcBOtKxYjvCtZxJ7dLvzNlSvMwuIeZZH2fjAI+5JRAIg3MSklK7Cg+GgNRKnzEgBsPjvRXNeqWBmbRqlop8CaxM1JEGZoD88vxQhr5LAAqiNY925LQj4kCTgWbF5xIM0nohIxYz5tyqQPiM92Pn9Kn5gVcTho8PAxVUgHgVP47FRNf65nvznHZJzDW695S/M/rRTC87sc8kBGwgM7TRcNIYAjxMiLsccUoiFlCCFU8uRfTMVGEQhJkIQnCXn97k7RrVTvhd7Vi/SaLJI8u0CWqIBtdoTpqoCZqIYqe0StaoDfjxVgY78bHb2vOyGbO0QqMzx9cOZ5K</latexit><latexit sha1_base64="/5nx8vSouPoAgfhYrpfJOMYLSQA=">AAACFXicbVBNT8JAEN3iF+JX1aOXjUDCibRc9Ej0whET+Ugoku12gQ3bdrM7RUnDX/DqH/GKJ+PVm4n/xlJ7EPAlk7y8N5OZea4UXINlfRu5re2d3b38fuHg8Oj4xDw9a+swUpS1aChC1XWJZoIHrAUcBOtKxYjvCtZxJ7dLvzNlSvMwuIeZZH2fjAI+5JRAIg3MSklK7Cg+GgNRKnzEgBsPjvRXNeqWBmbRqlop8CaxM1JEGZoD88vxQhr5LAAqiNY925LQj4kCTgWbF5xIM0nohIxYz5tyqQPiM92Pn9Kn5gVcTho8PAxVUgHgVP47FRNf65nvznHZJzDW695S/M/rRTC87sc8kBGwgM7TRcNIYAjxMiLsccUoiFlCCFU8uRfTMVGEQhJkIQnCXn97k7RrVTvhd7Vi/SaLJI8u0CWqIBtdoTpqoCZqIYqe0StaoDfjxVgY78bHb2vOyGbO0QqMzx9cOZ5K</latexit><latexit sha1_base64="/5nx8vSouPoAgfhYrpfJOMYLSQA=">AAACFXicbVBNT8JAEN3iF+JX1aOXjUDCibRc9Ej0whET+Ugoku12gQ3bdrM7RUnDX/DqH/GKJ+PVm4n/xlJ7EPAlk7y8N5OZea4UXINlfRu5re2d3b38fuHg8Oj4xDw9a+swUpS1aChC1XWJZoIHrAUcBOtKxYjvCtZxJ7dLvzNlSvMwuIeZZH2fjAI+5JRAIg3MSklK7Cg+GgNRKnzEgBsPjvRXNeqWBmbRqlop8CaxM1JEGZoD88vxQhr5LAAqiNY925LQj4kCTgWbF5xIM0nohIxYz5tyqQPiM92Pn9Kn5gVcTho8PAxVUgHgVP47FRNf65nvznHZJzDW695S/M/rRTC87sc8kBGwgM7TRcNIYAjxMiLsccUoiFlCCFU8uRfTMVGEQhJkIQnCXn97k7RrVTvhd7Vi/SaLJI8u0CWqIBtdoTpqoCZqIYqe0StaoDfjxVgY78bHb2vOyGbO0QqMzx9cOZ5K</latexit><latexit sha1_base64="/5nx8vSouPoAgfhYrpfJOMYLSQA=">AAACFXicbVBNT8JAEN3iF+JX1aOXjUDCibRc9Ej0whET+Ugoku12gQ3bdrM7RUnDX/DqH/GKJ+PVm4n/xlJ7EPAlk7y8N5OZea4UXINlfRu5re2d3b38fuHg8Oj4xDw9a+swUpS1aChC1XWJZoIHrAUcBOtKxYjvCtZxJ7dLvzNlSvMwuIeZZH2fjAI+5JRAIg3MSklK7Cg+GgNRKnzEgBsPjvRXNeqWBmbRqlop8CaxM1JEGZoD88vxQhr5LAAqiNY925LQj4kCTgWbF5xIM0nohIxYz5tyqQPiM92Pn9Kn5gVcTho8PAxVUgHgVP47FRNf65nvznHZJzDW695S/M/rRTC87sc8kBGwgM7TRcNIYAjxMiLsccUoiFlCCFU8uRfTMVGEQhJkIQnCXn97k7RrVTvhd7Vi/SaLJI8u0CWqIBtdoTpqoCZqIYqe0StaoDfjxVgY78bHb2vOyGbO0QqMzx9cOZ5K</latexit>

pp ! H ! tc
<latexit sha1_base64="EkRCtgTipKVz9FIoMb9fCqhmIp8=">AAACDnicbVC7TsMwFHXKq4RXgJHF0FZiqpIuMFawdCwSfUhtVDmO01p1Esu+KVRRZ1Z+hLVMiJUvQOJvSEsGaDnSlY7PuVe+93hScA22/WUUNja3tneKu+be/sHhkXV80tZxoihr0VjEqusRzQSPWAs4CNaVipHQE6zjjW8XfmfClOZxdA9TydyQDCMecEogkwbWeVlK3Fd8OAKiVPyAG39eQMsDq2RX7SXwOnFyUkI5mgPrs+/HNAlZBFQQrXuOLcFNiQJOBZuZ/UQzSeiYDFnPn3CpIxIy7aaPy2tmJq5kDT4OYpVVBHgp/55KSaj1NPRmuBISGOlVbyH+5/USCK7dlEcyARbR2fKjIBEYYrzIBvtcMQpimhFCFc/2xXREFKGQJWhmQTirZ6+Tdq3qZPyuVqrf5JEU0Rm6QJfIQVeojhqoiVqIoif0gubo1Xg25sab8f7TWjDymVP0B8bHNxORm3c=</latexit><latexit sha1_base64="EkRCtgTipKVz9FIoMb9fCqhmIp8=">AAACDnicbVC7TsMwFHXKq4RXgJHF0FZiqpIuMFawdCwSfUhtVDmO01p1Esu+KVRRZ1Z+hLVMiJUvQOJvSEsGaDnSlY7PuVe+93hScA22/WUUNja3tneKu+be/sHhkXV80tZxoihr0VjEqusRzQSPWAs4CNaVipHQE6zjjW8XfmfClOZxdA9TydyQDCMecEogkwbWeVlK3Fd8OAKiVPyAG39eQMsDq2RX7SXwOnFyUkI5mgPrs+/HNAlZBFQQrXuOLcFNiQJOBZuZ/UQzSeiYDFnPn3CpIxIy7aaPy2tmJq5kDT4OYpVVBHgp/55KSaj1NPRmuBISGOlVbyH+5/USCK7dlEcyARbR2fKjIBEYYrzIBvtcMQpimhFCFc/2xXREFKGQJWhmQTirZ6+Tdq3qZPyuVqrf5JEU0Rm6QJfIQVeojhqoiVqIoif0gubo1Xg25sab8f7TWjDymVP0B8bHNxORm3c=</latexit><latexit sha1_base64="EkRCtgTipKVz9FIoMb9fCqhmIp8=">AAACDnicbVC7TsMwFHXKq4RXgJHF0FZiqpIuMFawdCwSfUhtVDmO01p1Esu+KVRRZ1Z+hLVMiJUvQOJvSEsGaDnSlY7PuVe+93hScA22/WUUNja3tneKu+be/sHhkXV80tZxoihr0VjEqusRzQSPWAs4CNaVipHQE6zjjW8XfmfClOZxdA9TydyQDCMecEogkwbWeVlK3Fd8OAKiVPyAG39eQMsDq2RX7SXwOnFyUkI5mgPrs+/HNAlZBFQQrXuOLcFNiQJOBZuZ/UQzSeiYDFnPn3CpIxIy7aaPy2tmJq5kDT4OYpVVBHgp/55KSaj1NPRmuBISGOlVbyH+5/USCK7dlEcyARbR2fKjIBEYYrzIBvtcMQpimhFCFc/2xXREFKGQJWhmQTirZ6+Tdq3qZPyuVqrf5JEU0Rm6QJfIQVeojhqoiVqIoif0gubo1Xg25sab8f7TWjDymVP0B8bHNxORm3c=</latexit><latexit sha1_base64="AJVbxP1SS+8JSqhMKiVJrzRLr6s=">AAAB3XicbZDNSsNAFIVv6l+NVevazWApuCqJG10KblxWsD/QhjKZ3LRDJ5MwMyktIS/gUlfiewm+jdPYhbYeGPg4Z4a594SZ4Np43pdT29s/ODyqH7snDff07LzZ6Os0Vwx7LBWpGoZUo+ASe4YbgcNMIU1CgYNw/rDOBwtUmqfy2awyDBI6lTzmjBprdSfNltfxKpFd8DfQgo0mzc9xlLI8QWmYoFqPfC8zQUGV4Uxg6Y5zjRllczrFUbTgmZY0QR0Uy2rS0iVteyEicarskYZU9u9XBU20XiVhSdoJNTO9na3N/7JRbuK7oOAyyw1KVlYfxbkgJiXrvUnEFTIjVhYoU9zOS9iMKsqMbce1PfjbW+9C/6bjW37yoA6XcAXX4MMt3MMjdKEHDCJ4gTdHOK/O+09fNWdT3AX8kfPxDbGmi6c=</latexit><latexit sha1_base64="wzi5ols0TXm1lMsv8PQ31yM1MU4=">AAACA3icbZDNTgIxFIXv+IuIim7dVIHEFZlxo0sTNywxkZ8ECOmUDjR0Ok17ByUT1m59Ebe4Mr6FiW/jMLIQ8CRNTs9p097P11JYdN1vZ2t7Z3dvP3eQPywcHZ8UTwtNG8WG8QaLZGTaPrVcCsUbKFDytjachr7kLX98v+hbE26siNQjTjXvhXSoRCAYxTTqFy/KWpOuEcMRUmOiJ1Jb2SEr94slt+pmIpvGW5oSLFXvF7+6g4jFIVfIJLW247kaewk1KJjks3w3tlxTNqZD3hlMhLaKhtz2kudsmlmeVNIDAxJEJl0KSRb/vZXQ0Npp6M9IJaQ4suvdIvyv68QY3PYSoXSMXLFZ9lAQS4IRWbAhA2E4QzlNDWVGpP8lbEQNZZgSzKcgvPWxN03zuuql/sGFHJzDJVyBBzdwBzWoQwMYvMAbzOHdeXXmzscvsi1nye4MVuR8/gBmYZoA</latexit><latexit sha1_base64="wzi5ols0TXm1lMsv8PQ31yM1MU4=">AAACA3icbZDNTgIxFIXv+IuIim7dVIHEFZlxo0sTNywxkZ8ECOmUDjR0Ok17ByUT1m59Ebe4Mr6FiW/jMLIQ8CRNTs9p097P11JYdN1vZ2t7Z3dvP3eQPywcHZ8UTwtNG8WG8QaLZGTaPrVcCsUbKFDytjachr7kLX98v+hbE26siNQjTjXvhXSoRCAYxTTqFy/KWpOuEcMRUmOiJ1Jb2SEr94slt+pmIpvGW5oSLFXvF7+6g4jFIVfIJLW247kaewk1KJjks3w3tlxTNqZD3hlMhLaKhtz2kudsmlmeVNIDAxJEJl0KSRb/vZXQ0Npp6M9IJaQ4suvdIvyv68QY3PYSoXSMXLFZ9lAQS4IRWbAhA2E4QzlNDWVGpP8lbEQNZZgSzKcgvPWxN03zuuql/sGFHJzDJVyBBzdwBzWoQwMYvMAbzOHdeXXmzscvsi1nye4MVuR8/gBmYZoA</latexit><latexit sha1_base64="90mjNK/wFpxvjmtWrHwm3v5F98M=">AAACDnicbVC7TgJBFJ3FF66vVUubUSCxIrs2WhJtKDGRRwKEzM7OwoTZ2cnMXZQQalt/xBYrY+sXmPg3LriFgCe5yZlz7s3ce3wluAHX/bZyG5tb2zv5XXtv/+DwyDk+aZg40ZTVaSxi3fKJYYJLVgcOgrWUZiTyBWv6w7u53xwxbXgsH2CsWDcifclDTgmkUs85LyqFO5r3B0C0jh9xdekFtNhzCm7ZXQCvEy8jBZSh1nO+OkFMk4hJoIIY0/ZcBd0J0cCpYFO7kximCB2SPmsHI66MJBEz3cnT4pqpjUtpQ4DDWKclAS/kv1MTEhkzjvwpLkUEBmbVm4v/ee0EwpvuhEuVAJN0uvgoTASGGM+zwQHXjIIYp4RQzdN9MR0QTSikCdppEN7q2eukcVX2Un7vFiq3WSR5dIYu0CXy0DWqoCqqoTqi6Bm9ohl6s16smfVuffy25qxs5hQtwfr8ARLxm3U=</latexit><latexit sha1_base64="EkRCtgTipKVz9FIoMb9fCqhmIp8=">AAACDnicbVC7TsMwFHXKq4RXgJHF0FZiqpIuMFawdCwSfUhtVDmO01p1Esu+KVRRZ1Z+hLVMiJUvQOJvSEsGaDnSlY7PuVe+93hScA22/WUUNja3tneKu+be/sHhkXV80tZxoihr0VjEqusRzQSPWAs4CNaVipHQE6zjjW8XfmfClOZxdA9TydyQDCMecEogkwbWeVlK3Fd8OAKiVPyAG39eQMsDq2RX7SXwOnFyUkI5mgPrs+/HNAlZBFQQrXuOLcFNiQJOBZuZ/UQzSeiYDFnPn3CpIxIy7aaPy2tmJq5kDT4OYpVVBHgp/55KSaj1NPRmuBISGOlVbyH+5/USCK7dlEcyARbR2fKjIBEYYrzIBvtcMQpimhFCFc/2xXREFKGQJWhmQTirZ6+Tdq3qZPyuVqrf5JEU0Rm6QJfIQVeojhqoiVqIoif0gubo1Xg25sab8f7TWjDymVP0B8bHNxORm3c=</latexit><latexit sha1_base64="EkRCtgTipKVz9FIoMb9fCqhmIp8=">AAACDnicbVC7TsMwFHXKq4RXgJHF0FZiqpIuMFawdCwSfUhtVDmO01p1Esu+KVRRZ1Z+hLVMiJUvQOJvSEsGaDnSlY7PuVe+93hScA22/WUUNja3tneKu+be/sHhkXV80tZxoihr0VjEqusRzQSPWAs4CNaVipHQE6zjjW8XfmfClOZxdA9TydyQDCMecEogkwbWeVlK3Fd8OAKiVPyAG39eQMsDq2RX7SXwOnFyUkI5mgPrs+/HNAlZBFQQrXuOLcFNiQJOBZuZ/UQzSeiYDFnPn3CpIxIy7aaPy2tmJq5kDT4OYpVVBHgp/55KSaj1NPRmuBISGOlVbyH+5/USCK7dlEcyARbR2fKjIBEYYrzIBvtcMQpimhFCFc/2xXREFKGQJWhmQTirZ6+Tdq3qZPyuVqrf5JEU0Rm6QJfIQVeojhqoiVqIoif0gubo1Xg25sab8f7TWjDymVP0B8bHNxORm3c=</latexit><latexit sha1_base64="EkRCtgTipKVz9FIoMb9fCqhmIp8=">AAACDnicbVC7TsMwFHXKq4RXgJHF0FZiqpIuMFawdCwSfUhtVDmO01p1Esu+KVRRZ1Z+hLVMiJUvQOJvSEsGaDnSlY7PuVe+93hScA22/WUUNja3tneKu+be/sHhkXV80tZxoihr0VjEqusRzQSPWAs4CNaVipHQE6zjjW8XfmfClOZxdA9TydyQDCMecEogkwbWeVlK3Fd8OAKiVPyAG39eQMsDq2RX7SXwOnFyUkI5mgPrs+/HNAlZBFQQrXuOLcFNiQJOBZuZ/UQzSeiYDFnPn3CpIxIy7aaPy2tmJq5kDT4OYpVVBHgp/55KSaj1NPRmuBISGOlVbyH+5/USCK7dlEcyARbR2fKjIBEYYrzIBvtcMQpimhFCFc/2xXREFKGQJWhmQTirZ6+Tdq3qZPyuVqrf5JEU0Rm6QJfIQVeojhqoiVqIoif0gubo1Xg25sab8f7TWjDymVP0B8bHNxORm3c=</latexit><latexit sha1_base64="EkRCtgTipKVz9FIoMb9fCqhmIp8=">AAACDnicbVC7TsMwFHXKq4RXgJHF0FZiqpIuMFawdCwSfUhtVDmO01p1Esu+KVRRZ1Z+hLVMiJUvQOJvSEsGaDnSlY7PuVe+93hScA22/WUUNja3tneKu+be/sHhkXV80tZxoihr0VjEqusRzQSPWAs4CNaVipHQE6zjjW8XfmfClOZxdA9TydyQDCMecEogkwbWeVlK3Fd8OAKiVPyAG39eQMsDq2RX7SXwOnFyUkI5mgPrs+/HNAlZBFQQrXuOLcFNiQJOBZuZ/UQzSeiYDFnPn3CpIxIy7aaPy2tmJq5kDT4OYpVVBHgp/55KSaj1NPRmuBISGOlVbyH+5/USCK7dlEcyARbR2fKjIBEYYrzIBvtcMQpimhFCFc/2xXREFKGQJWhmQTirZ6+Tdq3qZPyuVqrf5JEU0Rm6QJfIQVeojhqoiVqIoif0gubo1Xg25sab8f7TWjDymVP0B8bHNxORm3c=</latexit><latexit sha1_base64="EkRCtgTipKVz9FIoMb9fCqhmIp8=">AAACDnicbVC7TsMwFHXKq4RXgJHF0FZiqpIuMFawdCwSfUhtVDmO01p1Esu+KVRRZ1Z+hLVMiJUvQOJvSEsGaDnSlY7PuVe+93hScA22/WUUNja3tneKu+be/sHhkXV80tZxoihr0VjEqusRzQSPWAs4CNaVipHQE6zjjW8XfmfClOZxdA9TydyQDCMecEogkwbWeVlK3Fd8OAKiVPyAG39eQMsDq2RX7SXwOnFyUkI5mgPrs+/HNAlZBFQQrXuOLcFNiQJOBZuZ/UQzSeiYDFnPn3CpIxIy7aaPy2tmJq5kDT4OYpVVBHgp/55KSaj1NPRmuBISGOlVbyH+5/USCK7dlEcyARbR2fKjIBEYYrzIBvtcMQpimhFCFc/2xXREFKGQJWhmQTirZ6+Tdq3qZPyuVqrf5JEU0Rm6QJfIQVeojhqoiVqIoif0gubo1Xg25sab8f7TWjDymVP0B8bHNxORm3c=</latexit><latexit sha1_base64="EkRCtgTipKVz9FIoMb9fCqhmIp8=">AAACDnicbVC7TsMwFHXKq4RXgJHF0FZiqpIuMFawdCwSfUhtVDmO01p1Esu+KVRRZ1Z+hLVMiJUvQOJvSEsGaDnSlY7PuVe+93hScA22/WUUNja3tneKu+be/sHhkXV80tZxoihr0VjEqusRzQSPWAs4CNaVipHQE6zjjW8XfmfClOZxdA9TydyQDCMecEogkwbWeVlK3Fd8OAKiVPyAG39eQMsDq2RX7SXwOnFyUkI5mgPrs+/HNAlZBFQQrXuOLcFNiQJOBZuZ/UQzSeiYDFnPn3CpIxIy7aaPy2tmJq5kDT4OYpVVBHgp/55KSaj1NPRmuBISGOlVbyH+5/USCK7dlEcyARbR2fKjIBEYYrzIBvtcMQpimhFCFc/2xXREFKGQJWhmQTirZ6+Tdq3qZPyuVqrf5JEU0Rm6QJfIQVeojhqoiVqIoif0gubo1Xg25sab8f7TWjDymVP0B8bHNxORm3c=</latexit>

pp ! H ! ⌧µ
<latexit sha1_base64="NQ2isxnQoOPrTHyacCGC7gcd41c=">AAACFHicbVC7TgJBFJ3FF66vVUubiUC0Irs0WhJtKDGRR8ISMjsMMGFmdzJzFyUbPsHWH7HFythamvg3LriFgie5yZlz7s3cewIluAHX/bJyG5tb2zv5XXtv/+DwyDk+aZoo1pQ1aCQi3Q6IYYKHrAEcBGsrzYgMBGsF49uF35owbXgU3sNUsa4kw5APOCWQSj3noqgU9jUfjoBoHT3g2p+XDyTGvoyLPafglt0l8DrxMlJAGeo959PvRzSWLAQqiDEdz1XQTYgGTgWb2X5smCJ0TIas059wZUIimekmj8ubZjYupQ19PIh0WiHgpfx7KiHSmKkMZrgkCYzMqrcQ//M6MQyuuwkPVQwspLPlR4NYYIjwIiHc55pRENOUEKp5ui+mI6IJhTRHOw3CWz17nTQrZS/ld5VC9SaLJI/O0Dm6RB66QlVUQ3XUQBQ9oRc0R6/WszW33qz3n9aclc2coj+wPr4BlzSd4A==</latexit><latexit sha1_base64="NQ2isxnQoOPrTHyacCGC7gcd41c=">AAACFHicbVC7TgJBFJ3FF66vVUubiUC0Irs0WhJtKDGRR8ISMjsMMGFmdzJzFyUbPsHWH7HFythamvg3LriFgie5yZlz7s3cewIluAHX/bJyG5tb2zv5XXtv/+DwyDk+aZoo1pQ1aCQi3Q6IYYKHrAEcBGsrzYgMBGsF49uF35owbXgU3sNUsa4kw5APOCWQSj3noqgU9jUfjoBoHT3g2p+XDyTGvoyLPafglt0l8DrxMlJAGeo959PvRzSWLAQqiDEdz1XQTYgGTgWb2X5smCJ0TIas059wZUIimekmj8ubZjYupQ19PIh0WiHgpfx7KiHSmKkMZrgkCYzMqrcQ//M6MQyuuwkPVQwspLPlR4NYYIjwIiHc55pRENOUEKp5ui+mI6IJhTRHOw3CWz17nTQrZS/ld5VC9SaLJI/O0Dm6RB66QlVUQ3XUQBQ9oRc0R6/WszW33qz3n9aclc2coj+wPr4BlzSd4A==</latexit><latexit sha1_base64="NQ2isxnQoOPrTHyacCGC7gcd41c=">AAACFHicbVC7TgJBFJ3FF66vVUubiUC0Irs0WhJtKDGRR8ISMjsMMGFmdzJzFyUbPsHWH7HFythamvg3LriFgie5yZlz7s3cewIluAHX/bJyG5tb2zv5XXtv/+DwyDk+aZoo1pQ1aCQi3Q6IYYKHrAEcBGsrzYgMBGsF49uF35owbXgU3sNUsa4kw5APOCWQSj3noqgU9jUfjoBoHT3g2p+XDyTGvoyLPafglt0l8DrxMlJAGeo959PvRzSWLAQqiDEdz1XQTYgGTgWb2X5smCJ0TIas059wZUIimekmj8ubZjYupQ19PIh0WiHgpfx7KiHSmKkMZrgkCYzMqrcQ//M6MQyuuwkPVQwspLPlR4NYYIjwIiHc55pRENOUEKp5ui+mI6IJhTRHOw3CWz17nTQrZS/ld5VC9SaLJI/O0Dm6RB66QlVUQ3XUQBQ9oRc0R6/WszW33qz3n9aclc2coj+wPr4BlzSd4A==</latexit><latexit sha1_base64="NQ2isxnQoOPrTHyacCGC7gcd41c=">AAACFHicbVC7TgJBFJ3FF66vVUubiUC0Irs0WhJtKDGRR8ISMjsMMGFmdzJzFyUbPsHWH7HFythamvg3LriFgie5yZlz7s3cewIluAHX/bJyG5tb2zv5XXtv/+DwyDk+aZoo1pQ1aCQi3Q6IYYKHrAEcBGsrzYgMBGsF49uF35owbXgU3sNUsa4kw5APOCWQSj3noqgU9jUfjoBoHT3g2p+XDyTGvoyLPafglt0l8DrxMlJAGeo959PvRzSWLAQqiDEdz1XQTYgGTgWb2X5smCJ0TIas059wZUIimekmj8ubZjYupQ19PIh0WiHgpfx7KiHSmKkMZrgkCYzMqrcQ//M6MQyuuwkPVQwspLPlR4NYYIjwIiHc55pRENOUEKp5ui+mI6IJhTRHOw3CWz17nTQrZS/ld5VC9SaLJI/O0Dm6RB66QlVUQ3XUQBQ9oRc0R6/WszW33qz3n9aclc2coj+wPr4BlzSd4A==</latexit>

pp ! tH ! ttc
<latexit sha1_base64="/NclQ6Bkg9/wU9AXWqEJzlMNTm0=">AAACEHicbVDLTgIxFO3gC8cX6tJNI5C4IjNsdEl0wxITeSRASKdToKEz07R3UDLhA9z6I25xZdz6ASb+jWWchYAnaXJ6zrlp7/Gk4Boc59vKbW3v7O7l9+2Dw6Pjk8LpWUtHsaKsSSMRqY5HNBM8ZE3gIFhHKkYCT7C2N7lb+u0pU5pH4QPMJOsHZBTyIacEjDQoFEtS4p7iozEQpaJHDPXVK9CSSTkVJwXeJG5GiihDY1D46vkRjQMWAhVE667rSOgnRAGngs3tXqyZJHRCRqzrT7nUIQmY7idP6T5zG5dNwMfDSJkTAk7lv1MJCbSeBd4clwMCY73uLcX/vG4Mw5t+wkMZAwvpPH1oGAsMEV62g32uGAUxM4RQxc1/MR0TRSiYDm1ThLu+9iZpVSuu4ffVYu02qySPLtAlukIuukY1VEcN1EQUPaNXtEBv1ou1sN6tj99ozspmztEKrM8f2/Occw==</latexit><latexit sha1_base64="/NclQ6Bkg9/wU9AXWqEJzlMNTm0=">AAACEHicbVDLTgIxFO3gC8cX6tJNI5C4IjNsdEl0wxITeSRASKdToKEz07R3UDLhA9z6I25xZdz6ASb+jWWchYAnaXJ6zrlp7/Gk4Boc59vKbW3v7O7l9+2Dw6Pjk8LpWUtHsaKsSSMRqY5HNBM8ZE3gIFhHKkYCT7C2N7lb+u0pU5pH4QPMJOsHZBTyIacEjDQoFEtS4p7iozEQpaJHDPXVK9CSSTkVJwXeJG5GiihDY1D46vkRjQMWAhVE667rSOgnRAGngs3tXqyZJHRCRqzrT7nUIQmY7idP6T5zG5dNwMfDSJkTAk7lv1MJCbSeBd4clwMCY73uLcX/vG4Mw5t+wkMZAwvpPH1oGAsMEV62g32uGAUxM4RQxc1/MR0TRSiYDm1ThLu+9iZpVSuu4ffVYu02qySPLtAlukIuukY1VEcN1EQUPaNXtEBv1ou1sN6tj99ozspmztEKrM8f2/Occw==</latexit><latexit sha1_base64="/NclQ6Bkg9/wU9AXWqEJzlMNTm0=">AAACEHicbVDLTgIxFO3gC8cX6tJNI5C4IjNsdEl0wxITeSRASKdToKEz07R3UDLhA9z6I25xZdz6ASb+jWWchYAnaXJ6zrlp7/Gk4Boc59vKbW3v7O7l9+2Dw6Pjk8LpWUtHsaKsSSMRqY5HNBM8ZE3gIFhHKkYCT7C2N7lb+u0pU5pH4QPMJOsHZBTyIacEjDQoFEtS4p7iozEQpaJHDPXVK9CSSTkVJwXeJG5GiihDY1D46vkRjQMWAhVE667rSOgnRAGngs3tXqyZJHRCRqzrT7nUIQmY7idP6T5zG5dNwMfDSJkTAk7lv1MJCbSeBd4clwMCY73uLcX/vG4Mw5t+wkMZAwvpPH1oGAsMEV62g32uGAUxM4RQxc1/MR0TRSiYDm1ThLu+9iZpVSuu4ffVYu02qySPLtAlukIuukY1VEcN1EQUPaNXtEBv1ou1sN6tj99ozspmztEKrM8f2/Occw==</latexit><latexit sha1_base64="/NclQ6Bkg9/wU9AXWqEJzlMNTm0=">AAACEHicbVDLTgIxFO3gC8cX6tJNI5C4IjNsdEl0wxITeSRASKdToKEz07R3UDLhA9z6I25xZdz6ASb+jWWchYAnaXJ6zrlp7/Gk4Boc59vKbW3v7O7l9+2Dw6Pjk8LpWUtHsaKsSSMRqY5HNBM8ZE3gIFhHKkYCT7C2N7lb+u0pU5pH4QPMJOsHZBTyIacEjDQoFEtS4p7iozEQpaJHDPXVK9CSSTkVJwXeJG5GiihDY1D46vkRjQMWAhVE667rSOgnRAGngs3tXqyZJHRCRqzrT7nUIQmY7idP6T5zG5dNwMfDSJkTAk7lv1MJCbSeBd4clwMCY73uLcX/vG4Mw5t+wkMZAwvpPH1oGAsMEV62g32uGAUxM4RQxc1/MR0TRSiYDm1ThLu+9iZpVSuu4ffVYu02qySPLtAlukIuukY1VEcN1EQUPaNXtEBv1ou1sN6tj99ozspmztEKrM8f2/Occw==</latexit>



D. Tuckler

Novel Collider Signatures

 

Neutral Higgs (H) Charged Higgs (H±)

pp ! H ! cc
<latexit sha1_base64="v+mqcRQKencsteZZY/GtC+zGViE=">AAACD3icbVC7TsMwFHV4lvAKMLJYfUhMVdIFxgqWjkWiD6mNKsdxWquOY9lOoYqys/IjrGVCrPwAEn9DGjLQliNd6fice+V7jycYVdq2v42t7Z3dvf3SgXl4dHxyap2dd1UUS0w6OGKR7HtIEUY56WiqGekLSVDoMdLzpndLvzcjUtGIP+i5IG6IxpwGFCOdSSOrXBUCDiUdTzSSMnqErZUXxrA6sip23c4BN4lTkAoo0B5ZX0M/wnFIuMYMKTVwbKHdBElNMSOpOYwVEQhP0ZgM/BkViqOQKDd5ys9JTVjLGnwYRDIrrmEu/51KUKjUPPRSWAuRnqh1byn+5w1iHdy4CeUi1oTjNP8oiBnUEVyGA30qCdZsnhGEJc32hXiCJMI6i9DMgnDWz94k3Ubdyfh9o9K8LSIpgUtQBlfAAdegCVqgDToAg2fwChbgzXgxFsa78fHbumUUMxdgBcbnD1uqm5A=</latexit><latexit sha1_base64="v+mqcRQKencsteZZY/GtC+zGViE=">AAACD3icbVC7TsMwFHV4lvAKMLJYfUhMVdIFxgqWjkWiD6mNKsdxWquOY9lOoYqys/IjrGVCrPwAEn9DGjLQliNd6fice+V7jycYVdq2v42t7Z3dvf3SgXl4dHxyap2dd1UUS0w6OGKR7HtIEUY56WiqGekLSVDoMdLzpndLvzcjUtGIP+i5IG6IxpwGFCOdSSOrXBUCDiUdTzSSMnqErZUXxrA6sip23c4BN4lTkAoo0B5ZX0M/wnFIuMYMKTVwbKHdBElNMSOpOYwVEQhP0ZgM/BkViqOQKDd5ys9JTVjLGnwYRDIrrmEu/51KUKjUPPRSWAuRnqh1byn+5w1iHdy4CeUi1oTjNP8oiBnUEVyGA30qCdZsnhGEJc32hXiCJMI6i9DMgnDWz94k3Ubdyfh9o9K8LSIpgUtQBlfAAdegCVqgDToAg2fwChbgzXgxFsa78fHbumUUMxdgBcbnD1uqm5A=</latexit><latexit sha1_base64="v+mqcRQKencsteZZY/GtC+zGViE=">AAACD3icbVC7TsMwFHV4lvAKMLJYfUhMVdIFxgqWjkWiD6mNKsdxWquOY9lOoYqys/IjrGVCrPwAEn9DGjLQliNd6fice+V7jycYVdq2v42t7Z3dvf3SgXl4dHxyap2dd1UUS0w6OGKR7HtIEUY56WiqGekLSVDoMdLzpndLvzcjUtGIP+i5IG6IxpwGFCOdSSOrXBUCDiUdTzSSMnqErZUXxrA6sip23c4BN4lTkAoo0B5ZX0M/wnFIuMYMKTVwbKHdBElNMSOpOYwVEQhP0ZgM/BkViqOQKDd5ys9JTVjLGnwYRDIrrmEu/51KUKjUPPRSWAuRnqh1byn+5w1iHdy4CeUi1oTjNP8oiBnUEVyGA30qCdZsnhGEJc32hXiCJMI6i9DMgnDWz94k3Ubdyfh9o9K8LSIpgUtQBlfAAdegCVqgDToAg2fwChbgzXgxFsa78fHbumUUMxdgBcbnD1uqm5A=</latexit><latexit sha1_base64="v+mqcRQKencsteZZY/GtC+zGViE=">AAACD3icbVC7TsMwFHV4lvAKMLJYfUhMVdIFxgqWjkWiD6mNKsdxWquOY9lOoYqys/IjrGVCrPwAEn9DGjLQliNd6fice+V7jycYVdq2v42t7Z3dvf3SgXl4dHxyap2dd1UUS0w6OGKR7HtIEUY56WiqGekLSVDoMdLzpndLvzcjUtGIP+i5IG6IxpwGFCOdSSOrXBUCDiUdTzSSMnqErZUXxrA6sip23c4BN4lTkAoo0B5ZX0M/wnFIuMYMKTVwbKHdBElNMSOpOYwVEQhP0ZgM/BkViqOQKDd5ys9JTVjLGnwYRDIrrmEu/51KUKjUPPRSWAuRnqh1byn+5w1iHdy4CeUi1oTjNP8oiBnUEVyGA30qCdZsnhGEJc32hXiCJMI6i9DMgnDWz94k3Ubdyfh9o9K8LSIpgUtQBlfAAdegCVqgDToAg2fwChbgzXgxFsa78fHbumUUMxdgBcbnD1uqm5A=</latexit>

pp ! tH ! tcc
<latexit sha1_base64="7krlsS9EW+Lt8Rr2UW8aFjm2W8s=">AAACE3icbVC7TsMwFHXKq4RXgJHFoi1iqpIuMFawdCwSfUhtVDmO01p1Est2ClWUP2DlR1jLhFhZkfgbnJIBWo5k6fice3XvPR5nVCrb/jJKG5tb2zvlXXNv/+DwyDo+6co4EZh0cMxi0feQJIxGpKOoYqTPBUGhx0jPm97mfm9GhKRxdK/mnLghGkc0oBgpLY2siyrncCjoeKKQEPEDVLC18scYVkdWxa7bS8B14hSkAgq0R9bn0I9xEpJIYYakHDg2V26KhKKYkcwcJpJwhKdoTAb+jHIZoZBIN31cnpSZsKYLfBjEQr9IL5HLv7tSFEo5D70M1kKkJnLVy8X/vEGigms3pRFPFIlwthwUJAyqGOYBQZ8KghWba4KwoHpfiCdIIKx0jKYOwlk9e510G3VH87tGpXlTRFIGZ+AcXAIHXIEmaIE26AAMnsALWIBX49lYGG/G+09pySh6TsEfGB/f5v6c4A==</latexit><latexit sha1_base64="7krlsS9EW+Lt8Rr2UW8aFjm2W8s=">AAACE3icbVC7TsMwFHXKq4RXgJHFoi1iqpIuMFawdCwSfUhtVDmO01p1Est2ClWUP2DlR1jLhFhZkfgbnJIBWo5k6fice3XvPR5nVCrb/jJKG5tb2zvlXXNv/+DwyDo+6co4EZh0cMxi0feQJIxGpKOoYqTPBUGhx0jPm97mfm9GhKRxdK/mnLghGkc0oBgpLY2siyrncCjoeKKQEPEDVLC18scYVkdWxa7bS8B14hSkAgq0R9bn0I9xEpJIYYakHDg2V26KhKKYkcwcJpJwhKdoTAb+jHIZoZBIN31cnpSZsKYLfBjEQr9IL5HLv7tSFEo5D70M1kKkJnLVy8X/vEGigms3pRFPFIlwthwUJAyqGOYBQZ8KghWba4KwoHpfiCdIIKx0jKYOwlk9e510G3VH87tGpXlTRFIGZ+AcXAIHXIEmaIE26AAMnsALWIBX49lYGG/G+09pySh6TsEfGB/f5v6c4A==</latexit><latexit sha1_base64="7krlsS9EW+Lt8Rr2UW8aFjm2W8s=">AAACE3icbVC7TsMwFHXKq4RXgJHFoi1iqpIuMFawdCwSfUhtVDmO01p1Est2ClWUP2DlR1jLhFhZkfgbnJIBWo5k6fice3XvPR5nVCrb/jJKG5tb2zvlXXNv/+DwyDo+6co4EZh0cMxi0feQJIxGpKOoYqTPBUGhx0jPm97mfm9GhKRxdK/mnLghGkc0oBgpLY2siyrncCjoeKKQEPEDVLC18scYVkdWxa7bS8B14hSkAgq0R9bn0I9xEpJIYYakHDg2V26KhKKYkcwcJpJwhKdoTAb+jHIZoZBIN31cnpSZsKYLfBjEQr9IL5HLv7tSFEo5D70M1kKkJnLVy8X/vEGigms3pRFPFIlwthwUJAyqGOYBQZ8KghWba4KwoHpfiCdIIKx0jKYOwlk9e510G3VH87tGpXlTRFIGZ+AcXAIHXIEmaIE26AAMnsALWIBX49lYGG/G+09pySh6TsEfGB/f5v6c4A==</latexit><latexit sha1_base64="7krlsS9EW+Lt8Rr2UW8aFjm2W8s=">AAACE3icbVC7TsMwFHXKq4RXgJHFoi1iqpIuMFawdCwSfUhtVDmO01p1Est2ClWUP2DlR1jLhFhZkfgbnJIBWo5k6fice3XvPR5nVCrb/jJKG5tb2zvlXXNv/+DwyDo+6co4EZh0cMxi0feQJIxGpKOoYqTPBUGhx0jPm97mfm9GhKRxdK/mnLghGkc0oBgpLY2siyrncCjoeKKQEPEDVLC18scYVkdWxa7bS8B14hSkAgq0R9bn0I9xEpJIYYakHDg2V26KhKKYkcwcJpJwhKdoTAb+jHIZoZBIN31cnpSZsKYLfBjEQr9IL5HLv7tSFEo5D70M1kKkJnLVy8X/vEGigms3pRFPFIlwthwUJAyqGOYBQZ8KghWba4KwoHpfiCdIIKx0jKYOwlk9e510G3VH87tGpXlTRFIGZ+AcXAIHXIEmaIE26AAMnsALWIBX49lYGG/G+09pySh6TsEfGB/f5v6c4A==</latexit>

pp ! H
± ! cs

<latexit sha1_base64="CEWcglKF2GdRe9hPNj4hFtOf0WI=">AAACE3icbVC7TsNAEDyHVzAvAyXNiSSIKrLTQBlBkzJI5CHFJjqfz8kpZ/t0dw5Elv+Alh+hDRWipUXib3CMC5Iw0kqjmV3t7ricUalM81srbWxube+Ud/W9/YPDI+P4pCujWGDSwRGLRN9FkjAako6iipE+FwQFLiM9d3K78HtTIiSNwns148QJ0CikPsVIZdLQuKhyDm1BR2OFhIgeYevB5sGSgiWsDo2KWTdzwHViFaQCCrSHxpftRTgOSKgwQ1IOLJMrJ0FCUcxIqtuxJBzhCRqRgTelXIYoINJJnvKXUh3WsgYP+pHIKlQwl/9OJSiQcha4KawFSI3lqrcQ//MGsfKvnYSGPFYkxGm+yI8ZVBFcBAQ9KghWbJYRhAXN7oV4jATCKotRz4KwVt9eJ91G3cr4XaPSvCkiKYMzcA4ugQWuQBO0QBt0AAbP4BXMwZv2os21d+3jt7WkFTOnYAna5w+u7J1f</latexit><latexit sha1_base64="CEWcglKF2GdRe9hPNj4hFtOf0WI=">AAACE3icbVC7TsNAEDyHVzAvAyXNiSSIKrLTQBlBkzJI5CHFJjqfz8kpZ/t0dw5Elv+Alh+hDRWipUXib3CMC5Iw0kqjmV3t7ricUalM81srbWxube+Ud/W9/YPDI+P4pCujWGDSwRGLRN9FkjAako6iipE+FwQFLiM9d3K78HtTIiSNwns148QJ0CikPsVIZdLQuKhyDm1BR2OFhIgeYevB5sGSgiWsDo2KWTdzwHViFaQCCrSHxpftRTgOSKgwQ1IOLJMrJ0FCUcxIqtuxJBzhCRqRgTelXIYoINJJnvKXUh3WsgYP+pHIKlQwl/9OJSiQcha4KawFSI3lqrcQ//MGsfKvnYSGPFYkxGm+yI8ZVBFcBAQ9KghWbJYRhAXN7oV4jATCKotRz4KwVt9eJ91G3cr4XaPSvCkiKYMzcA4ugQWuQBO0QBt0AAbP4BXMwZv2os21d+3jt7WkFTOnYAna5w+u7J1f</latexit><latexit sha1_base64="CEWcglKF2GdRe9hPNj4hFtOf0WI=">AAACE3icbVC7TsNAEDyHVzAvAyXNiSSIKrLTQBlBkzJI5CHFJjqfz8kpZ/t0dw5Elv+Alh+hDRWipUXib3CMC5Iw0kqjmV3t7ricUalM81srbWxube+Ud/W9/YPDI+P4pCujWGDSwRGLRN9FkjAako6iipE+FwQFLiM9d3K78HtTIiSNwns148QJ0CikPsVIZdLQuKhyDm1BR2OFhIgeYevB5sGSgiWsDo2KWTdzwHViFaQCCrSHxpftRTgOSKgwQ1IOLJMrJ0FCUcxIqtuxJBzhCRqRgTelXIYoINJJnvKXUh3WsgYP+pHIKlQwl/9OJSiQcha4KawFSI3lqrcQ//MGsfKvnYSGPFYkxGm+yI8ZVBFcBAQ9KghWbJYRhAXN7oV4jATCKotRz4KwVt9eJ91G3cr4XaPSvCkiKYMzcA4ugQWuQBO0QBt0AAbP4BXMwZv2os21d+3jt7WkFTOnYAna5w+u7J1f</latexit><latexit sha1_base64="CEWcglKF2GdRe9hPNj4hFtOf0WI=">AAACE3icbVC7TsNAEDyHVzAvAyXNiSSIKrLTQBlBkzJI5CHFJjqfz8kpZ/t0dw5Elv+Alh+hDRWipUXib3CMC5Iw0kqjmV3t7ricUalM81srbWxube+Ud/W9/YPDI+P4pCujWGDSwRGLRN9FkjAako6iipE+FwQFLiM9d3K78HtTIiSNwns148QJ0CikPsVIZdLQuKhyDm1BR2OFhIgeYevB5sGSgiWsDo2KWTdzwHViFaQCCrSHxpftRTgOSKgwQ1IOLJMrJ0FCUcxIqtuxJBzhCRqRgTelXIYoINJJnvKXUh3WsgYP+pHIKlQwl/9OJSiQcha4KawFSI3lqrcQ//MGsfKvnYSGPFYkxGm+yI8ZVBFcBAQ9KghWbJYRhAXN7oV4jATCKotRz4KwVt9eJ91G3cr4XaPSvCkiKYMzcA4ugQWuQBO0QBt0AAbP4BXMwZv2os21d+3jt7WkFTOnYAna5w+u7J1f</latexit>

pp ! tH
± ! tµ⌫µ

<latexit sha1_base64="cfKjlUrZGdnMJcIc8xYCHjfTefo=">AAACIHicbVDLTgIxFO34xPGFunTTCCSuyAwudEl0wxITeSQMkk4p0NB2mvYOSggf4tYfcYsr48ZEv8YBZ6HgSW7uyTn3pr0n1IJb8LxPZ219Y3NrO7Pj7u7tHxxmj47rNooNZTUaicg0Q2KZ4IrVgINgTW0YkaFgjXB4M/cbI2Ysj9QdjDVrS9JXvMcpgUTqZC/yWuPA8P4AiDHRAwZcuQ+0XNICGeNAxZ15z3eyOa/oLYBXiZ+SHEpR7WQ/gm5EY8kUUEGsbfmehvaEGOBUsKkbxJZpQoekz1rdEddWEclse/K4uG/q4kIy0MW9yCSlAC/k31sTIq0dy3CKC5LAwC57c/E/rxVD76o94UrHwBSdLh7qxQJDhOdp4S43jIIYJ4RQw5P/YjoghlBIMnWTIPzls1dJvVT0E35bypWv00gy6BSdoXPko0tURhVURTVE0RN6QTP06jw7M+fNef8ZXXPSnRP0B87XN1kaom0=</latexit><latexit sha1_base64="cfKjlUrZGdnMJcIc8xYCHjfTefo=">AAACIHicbVDLTgIxFO34xPGFunTTCCSuyAwudEl0wxITeSQMkk4p0NB2mvYOSggf4tYfcYsr48ZEv8YBZ6HgSW7uyTn3pr0n1IJb8LxPZ219Y3NrO7Pj7u7tHxxmj47rNooNZTUaicg0Q2KZ4IrVgINgTW0YkaFgjXB4M/cbI2Ysj9QdjDVrS9JXvMcpgUTqZC/yWuPA8P4AiDHRAwZcuQ+0XNICGeNAxZ15z3eyOa/oLYBXiZ+SHEpR7WQ/gm5EY8kUUEGsbfmehvaEGOBUsKkbxJZpQoekz1rdEddWEclse/K4uG/q4kIy0MW9yCSlAC/k31sTIq0dy3CKC5LAwC57c/E/rxVD76o94UrHwBSdLh7qxQJDhOdp4S43jIIYJ4RQw5P/YjoghlBIMnWTIPzls1dJvVT0E35bypWv00gy6BSdoXPko0tURhVURTVE0RN6QTP06jw7M+fNef8ZXXPSnRP0B87XN1kaom0=</latexit><latexit sha1_base64="cfKjlUrZGdnMJcIc8xYCHjfTefo=">AAACIHicbVDLTgIxFO34xPGFunTTCCSuyAwudEl0wxITeSQMkk4p0NB2mvYOSggf4tYfcYsr48ZEv8YBZ6HgSW7uyTn3pr0n1IJb8LxPZ219Y3NrO7Pj7u7tHxxmj47rNooNZTUaicg0Q2KZ4IrVgINgTW0YkaFgjXB4M/cbI2Ysj9QdjDVrS9JXvMcpgUTqZC/yWuPA8P4AiDHRAwZcuQ+0XNICGeNAxZ15z3eyOa/oLYBXiZ+SHEpR7WQ/gm5EY8kUUEGsbfmehvaEGOBUsKkbxJZpQoekz1rdEddWEclse/K4uG/q4kIy0MW9yCSlAC/k31sTIq0dy3CKC5LAwC57c/E/rxVD76o94UrHwBSdLh7qxQJDhOdp4S43jIIYJ4RQw5P/YjoghlBIMnWTIPzls1dJvVT0E35bypWv00gy6BSdoXPko0tURhVURTVE0RN6QTP06jw7M+fNef8ZXXPSnRP0B87XN1kaom0=</latexit><latexit sha1_base64="cfKjlUrZGdnMJcIc8xYCHjfTefo=">AAACIHicbVDLTgIxFO34xPGFunTTCCSuyAwudEl0wxITeSQMkk4p0NB2mvYOSggf4tYfcYsr48ZEv8YBZ6HgSW7uyTn3pr0n1IJb8LxPZ219Y3NrO7Pj7u7tHxxmj47rNooNZTUaicg0Q2KZ4IrVgINgTW0YkaFgjXB4M/cbI2Ysj9QdjDVrS9JXvMcpgUTqZC/yWuPA8P4AiDHRAwZcuQ+0XNICGeNAxZ15z3eyOa/oLYBXiZ+SHEpR7WQ/gm5EY8kUUEGsbfmehvaEGOBUsKkbxJZpQoekz1rdEddWEclse/K4uG/q4kIy0MW9yCSlAC/k31sTIq0dy3CKC5LAwC57c/E/rxVD76o94UrHwBSdLh7qxQJDhOdp4S43jIIYJ4RQw5P/YjoghlBIMnWTIPzls1dJvVT0E35bypWv00gy6BSdoXPko0tURhVURTVE0RN6QTP06jw7M+fNef8ZXXPSnRP0B87XN1kaom0=</latexit>

pp ! tH
± ! tcs, tts

<latexit sha1_base64="0MNuSwLK2v/kw0O96jR/22bp/kc=">AAACGnicbVBNT8JAEN36ifiFevSyEUg8KGm56JHohSMm8pHQSrbLFjZs283uFCVNf4VX/4hXPBmvxsR/Y6kcBHzJJC/vzWRmnisF12Ca38ba+sbm1nZuJ7+7t39wWDg6bukwUpQ1aShC1XGJZoIHrAkcBOtIxYjvCtZ2R7czvz1mSvMwuIeJZI5PBgH3OCWQSr3CZUlKbCs+GAJRKnzEgOsPtvQXNaovMIAu9QpFs2JmwKvEmpMimqPRK3zZ/ZBGPguACqJ11zIlODFRwKlgSd6ONJOEjsiAdftjLnVAfKad+Cn7LMnjctrQx16o0goAZ/LfqZj4Wk98N8Fln8BQL3sz8T+vG4F37cQ8kBGwgCbZIi8SGEI8ywn3uWIUxCQlhCqe3ovpkChCIU0znwZhLb+9SlrVipXyu2qxdjOPJIdO0Rk6Rxa6QjVURw3URBQ9o1c0RW/GizE13o2P39Y1Yz5zghZgfP4ABc2gNA==</latexit><latexit sha1_base64="0MNuSwLK2v/kw0O96jR/22bp/kc=">AAACGnicbVBNT8JAEN36ifiFevSyEUg8KGm56JHohSMm8pHQSrbLFjZs283uFCVNf4VX/4hXPBmvxsR/Y6kcBHzJJC/vzWRmnisF12Ca38ba+sbm1nZuJ7+7t39wWDg6bukwUpQ1aShC1XGJZoIHrAkcBOtIxYjvCtZ2R7czvz1mSvMwuIeJZI5PBgH3OCWQSr3CZUlKbCs+GAJRKnzEgOsPtvQXNaovMIAu9QpFs2JmwKvEmpMimqPRK3zZ/ZBGPguACqJ11zIlODFRwKlgSd6ONJOEjsiAdftjLnVAfKad+Cn7LMnjctrQx16o0goAZ/LfqZj4Wk98N8Fln8BQL3sz8T+vG4F37cQ8kBGwgCbZIi8SGEI8ywn3uWIUxCQlhCqe3ovpkChCIU0znwZhLb+9SlrVipXyu2qxdjOPJIdO0Rk6Rxa6QjVURw3URBQ9o1c0RW/GizE13o2P39Y1Yz5zghZgfP4ABc2gNA==</latexit><latexit sha1_base64="0MNuSwLK2v/kw0O96jR/22bp/kc=">AAACGnicbVBNT8JAEN36ifiFevSyEUg8KGm56JHohSMm8pHQSrbLFjZs283uFCVNf4VX/4hXPBmvxsR/Y6kcBHzJJC/vzWRmnisF12Ca38ba+sbm1nZuJ7+7t39wWDg6bukwUpQ1aShC1XGJZoIHrAkcBOtIxYjvCtZ2R7czvz1mSvMwuIeJZI5PBgH3OCWQSr3CZUlKbCs+GAJRKnzEgOsPtvQXNaovMIAu9QpFs2JmwKvEmpMimqPRK3zZ/ZBGPguACqJ11zIlODFRwKlgSd6ONJOEjsiAdftjLnVAfKad+Cn7LMnjctrQx16o0goAZ/LfqZj4Wk98N8Fln8BQL3sz8T+vG4F37cQ8kBGwgCbZIi8SGEI8ywn3uWIUxCQlhCqe3ovpkChCIU0znwZhLb+9SlrVipXyu2qxdjOPJIdO0Rk6Rxa6QjVURw3URBQ9o1c0RW/GizE13o2P39Y1Yz5zghZgfP4ABc2gNA==</latexit><latexit sha1_base64="0MNuSwLK2v/kw0O96jR/22bp/kc=">AAACGnicbVBNT8JAEN36ifiFevSyEUg8KGm56JHohSMm8pHQSrbLFjZs283uFCVNf4VX/4hXPBmvxsR/Y6kcBHzJJC/vzWRmnisF12Ca38ba+sbm1nZuJ7+7t39wWDg6bukwUpQ1aShC1XGJZoIHrAkcBOtIxYjvCtZ2R7czvz1mSvMwuIeJZI5PBgH3OCWQSr3CZUlKbCs+GAJRKnzEgOsPtvQXNaovMIAu9QpFs2JmwKvEmpMimqPRK3zZ/ZBGPguACqJ11zIlODFRwKlgSd6ONJOEjsiAdftjLnVAfKad+Cn7LMnjctrQx16o0goAZ/LfqZj4Wk98N8Fln8BQL3sz8T+vG4F37cQ8kBGwgCbZIi8SGEI8ywn3uWIUxCQlhCqe3ovpkChCIU0znwZhLb+9SlrVipXyu2qxdjOPJIdO0Rk6Rxa6QjVURw3URBQ9o1c0RW/GizE13o2P39Y1Yz5zghZgfP4ABc2gNA==</latexit>

pp ! tH
± ! tcb

<latexit sha1_base64="/5nx8vSouPoAgfhYrpfJOMYLSQA=">AAACFXicbVBNT8JAEN3iF+JX1aOXjUDCibRc9Ej0whET+Ugoku12gQ3bdrM7RUnDX/DqH/GKJ+PVm4n/xlJ7EPAlk7y8N5OZea4UXINlfRu5re2d3b38fuHg8Oj4xDw9a+swUpS1aChC1XWJZoIHrAUcBOtKxYjvCtZxJ7dLvzNlSvMwuIeZZH2fjAI+5JRAIg3MSklK7Cg+GgNRKnzEgBsPjvRXNeqWBmbRqlop8CaxM1JEGZoD88vxQhr5LAAqiNY925LQj4kCTgWbF5xIM0nohIxYz5tyqQPiM92Pn9Kn5gVcTho8PAxVUgHgVP47FRNf65nvznHZJzDW695S/M/rRTC87sc8kBGwgM7TRcNIYAjxMiLsccUoiFlCCFU8uRfTMVGEQhJkIQnCXn97k7RrVTvhd7Vi/SaLJI8u0CWqIBtdoTpqoCZqIYqe0StaoDfjxVgY78bHb2vOyGbO0QqMzx9cOZ5K</latexit><latexit sha1_base64="/5nx8vSouPoAgfhYrpfJOMYLSQA=">AAACFXicbVBNT8JAEN3iF+JX1aOXjUDCibRc9Ej0whET+Ugoku12gQ3bdrM7RUnDX/DqH/GKJ+PVm4n/xlJ7EPAlk7y8N5OZea4UXINlfRu5re2d3b38fuHg8Oj4xDw9a+swUpS1aChC1XWJZoIHrAUcBOtKxYjvCtZxJ7dLvzNlSvMwuIeZZH2fjAI+5JRAIg3MSklK7Cg+GgNRKnzEgBsPjvRXNeqWBmbRqlop8CaxM1JEGZoD88vxQhr5LAAqiNY925LQj4kCTgWbF5xIM0nohIxYz5tyqQPiM92Pn9Kn5gVcTho8PAxVUgHgVP47FRNf65nvznHZJzDW695S/M/rRTC87sc8kBGwgM7TRcNIYAjxMiLsccUoiFlCCFU8uRfTMVGEQhJkIQnCXn97k7RrVTvhd7Vi/SaLJI8u0CWqIBtdoTpqoCZqIYqe0StaoDfjxVgY78bHb2vOyGbO0QqMzx9cOZ5K</latexit><latexit sha1_base64="/5nx8vSouPoAgfhYrpfJOMYLSQA=">AAACFXicbVBNT8JAEN3iF+JX1aOXjUDCibRc9Ej0whET+Ugoku12gQ3bdrM7RUnDX/DqH/GKJ+PVm4n/xlJ7EPAlk7y8N5OZea4UXINlfRu5re2d3b38fuHg8Oj4xDw9a+swUpS1aChC1XWJZoIHrAUcBOtKxYjvCtZxJ7dLvzNlSvMwuIeZZH2fjAI+5JRAIg3MSklK7Cg+GgNRKnzEgBsPjvRXNeqWBmbRqlop8CaxM1JEGZoD88vxQhr5LAAqiNY925LQj4kCTgWbF5xIM0nohIxYz5tyqQPiM92Pn9Kn5gVcTho8PAxVUgHgVP47FRNf65nvznHZJzDW695S/M/rRTC87sc8kBGwgM7TRcNIYAjxMiLsccUoiFlCCFU8uRfTMVGEQhJkIQnCXn97k7RrVTvhd7Vi/SaLJI8u0CWqIBtdoTpqoCZqIYqe0StaoDfjxVgY78bHb2vOyGbO0QqMzx9cOZ5K</latexit><latexit sha1_base64="/5nx8vSouPoAgfhYrpfJOMYLSQA=">AAACFXicbVBNT8JAEN3iF+JX1aOXjUDCibRc9Ej0whET+Ugoku12gQ3bdrM7RUnDX/DqH/GKJ+PVm4n/xlJ7EPAlk7y8N5OZea4UXINlfRu5re2d3b38fuHg8Oj4xDw9a+swUpS1aChC1XWJZoIHrAUcBOtKxYjvCtZxJ7dLvzNlSvMwuIeZZH2fjAI+5JRAIg3MSklK7Cg+GgNRKnzEgBsPjvRXNeqWBmbRqlop8CaxM1JEGZoD88vxQhr5LAAqiNY925LQj4kCTgWbF5xIM0nohIxYz5tyqQPiM92Pn9Kn5gVcTho8PAxVUgHgVP47FRNf65nvznHZJzDW695S/M/rRTC87sc8kBGwgM7TRcNIYAjxMiLsccUoiFlCCFU8uRfTMVGEQhJkIQnCXn97k7RrVTvhd7Vi/SaLJI8u0CWqIBtdoTpqoCZqIYqe0StaoDfjxVgY78bHb2vOyGbO0QqMzx9cOZ5K</latexit>

pp ! H ! tc
<latexit sha1_base64="EkRCtgTipKVz9FIoMb9fCqhmIp8=">AAACDnicbVC7TsMwFHXKq4RXgJHF0FZiqpIuMFawdCwSfUhtVDmO01p1Esu+KVRRZ1Z+hLVMiJUvQOJvSEsGaDnSlY7PuVe+93hScA22/WUUNja3tneKu+be/sHhkXV80tZxoihr0VjEqusRzQSPWAs4CNaVipHQE6zjjW8XfmfClOZxdA9TydyQDCMecEogkwbWeVlK3Fd8OAKiVPyAG39eQMsDq2RX7SXwOnFyUkI5mgPrs+/HNAlZBFQQrXuOLcFNiQJOBZuZ/UQzSeiYDFnPn3CpIxIy7aaPy2tmJq5kDT4OYpVVBHgp/55KSaj1NPRmuBISGOlVbyH+5/USCK7dlEcyARbR2fKjIBEYYrzIBvtcMQpimhFCFc/2xXREFKGQJWhmQTirZ6+Tdq3qZPyuVqrf5JEU0Rm6QJfIQVeojhqoiVqIoif0gubo1Xg25sab8f7TWjDymVP0B8bHNxORm3c=</latexit><latexit sha1_base64="EkRCtgTipKVz9FIoMb9fCqhmIp8=">AAACDnicbVC7TsMwFHXKq4RXgJHF0FZiqpIuMFawdCwSfUhtVDmO01p1Esu+KVRRZ1Z+hLVMiJUvQOJvSEsGaDnSlY7PuVe+93hScA22/WUUNja3tneKu+be/sHhkXV80tZxoihr0VjEqusRzQSPWAs4CNaVipHQE6zjjW8XfmfClOZxdA9TydyQDCMecEogkwbWeVlK3Fd8OAKiVPyAG39eQMsDq2RX7SXwOnFyUkI5mgPrs+/HNAlZBFQQrXuOLcFNiQJOBZuZ/UQzSeiYDFnPn3CpIxIy7aaPy2tmJq5kDT4OYpVVBHgp/55KSaj1NPRmuBISGOlVbyH+5/USCK7dlEcyARbR2fKjIBEYYrzIBvtcMQpimhFCFc/2xXREFKGQJWhmQTirZ6+Tdq3qZPyuVqrf5JEU0Rm6QJfIQVeojhqoiVqIoif0gubo1Xg25sab8f7TWjDymVP0B8bHNxORm3c=</latexit><latexit sha1_base64="EkRCtgTipKVz9FIoMb9fCqhmIp8=">AAACDnicbVC7TsMwFHXKq4RXgJHF0FZiqpIuMFawdCwSfUhtVDmO01p1Esu+KVRRZ1Z+hLVMiJUvQOJvSEsGaDnSlY7PuVe+93hScA22/WUUNja3tneKu+be/sHhkXV80tZxoihr0VjEqusRzQSPWAs4CNaVipHQE6zjjW8XfmfClOZxdA9TydyQDCMecEogkwbWeVlK3Fd8OAKiVPyAG39eQMsDq2RX7SXwOnFyUkI5mgPrs+/HNAlZBFQQrXuOLcFNiQJOBZuZ/UQzSeiYDFnPn3CpIxIy7aaPy2tmJq5kDT4OYpVVBHgp/55KSaj1NPRmuBISGOlVbyH+5/USCK7dlEcyARbR2fKjIBEYYrzIBvtcMQpimhFCFc/2xXREFKGQJWhmQTirZ6+Tdq3qZPyuVqrf5JEU0Rm6QJfIQVeojhqoiVqIoif0gubo1Xg25sab8f7TWjDymVP0B8bHNxORm3c=</latexit><latexit sha1_base64="AJVbxP1SS+8JSqhMKiVJrzRLr6s=">AAAB3XicbZDNSsNAFIVv6l+NVevazWApuCqJG10KblxWsD/QhjKZ3LRDJ5MwMyktIS/gUlfiewm+jdPYhbYeGPg4Z4a594SZ4Np43pdT29s/ODyqH7snDff07LzZ6Os0Vwx7LBWpGoZUo+ASe4YbgcNMIU1CgYNw/rDOBwtUmqfy2awyDBI6lTzmjBprdSfNltfxKpFd8DfQgo0mzc9xlLI8QWmYoFqPfC8zQUGV4Uxg6Y5zjRllczrFUbTgmZY0QR0Uy2rS0iVteyEicarskYZU9u9XBU20XiVhSdoJNTO9na3N/7JRbuK7oOAyyw1KVlYfxbkgJiXrvUnEFTIjVhYoU9zOS9iMKsqMbce1PfjbW+9C/6bjW37yoA6XcAXX4MMt3MMjdKEHDCJ4gTdHOK/O+09fNWdT3AX8kfPxDbGmi6c=</latexit><latexit sha1_base64="wzi5ols0TXm1lMsv8PQ31yM1MU4=">AAACA3icbZDNTgIxFIXv+IuIim7dVIHEFZlxo0sTNywxkZ8ECOmUDjR0Ok17ByUT1m59Ebe4Mr6FiW/jMLIQ8CRNTs9p097P11JYdN1vZ2t7Z3dvP3eQPywcHZ8UTwtNG8WG8QaLZGTaPrVcCsUbKFDytjachr7kLX98v+hbE26siNQjTjXvhXSoRCAYxTTqFy/KWpOuEcMRUmOiJ1Jb2SEr94slt+pmIpvGW5oSLFXvF7+6g4jFIVfIJLW247kaewk1KJjks3w3tlxTNqZD3hlMhLaKhtz2kudsmlmeVNIDAxJEJl0KSRb/vZXQ0Npp6M9IJaQ4suvdIvyv68QY3PYSoXSMXLFZ9lAQS4IRWbAhA2E4QzlNDWVGpP8lbEQNZZgSzKcgvPWxN03zuuql/sGFHJzDJVyBBzdwBzWoQwMYvMAbzOHdeXXmzscvsi1nye4MVuR8/gBmYZoA</latexit><latexit sha1_base64="wzi5ols0TXm1lMsv8PQ31yM1MU4=">AAACA3icbZDNTgIxFIXv+IuIim7dVIHEFZlxo0sTNywxkZ8ECOmUDjR0Ok17ByUT1m59Ebe4Mr6FiW/jMLIQ8CRNTs9p097P11JYdN1vZ2t7Z3dvP3eQPywcHZ8UTwtNG8WG8QaLZGTaPrVcCsUbKFDytjachr7kLX98v+hbE26siNQjTjXvhXSoRCAYxTTqFy/KWpOuEcMRUmOiJ1Jb2SEr94slt+pmIpvGW5oSLFXvF7+6g4jFIVfIJLW247kaewk1KJjks3w3tlxTNqZD3hlMhLaKhtz2kudsmlmeVNIDAxJEJl0KSRb/vZXQ0Npp6M9IJaQ4suvdIvyv68QY3PYSoXSMXLFZ9lAQS4IRWbAhA2E4QzlNDWVGpP8lbEQNZZgSzKcgvPWxN03zuuql/sGFHJzDJVyBBzdwBzWoQwMYvMAbzOHdeXXmzscvsi1nye4MVuR8/gBmYZoA</latexit><latexit sha1_base64="90mjNK/wFpxvjmtWrHwm3v5F98M=">AAACDnicbVC7TgJBFJ3FF66vVUubUSCxIrs2WhJtKDGRRwKEzM7OwoTZ2cnMXZQQalt/xBYrY+sXmPg3LriFgCe5yZlz7s3ce3wluAHX/bZyG5tb2zv5XXtv/+DwyDk+aZg40ZTVaSxi3fKJYYJLVgcOgrWUZiTyBWv6w7u53xwxbXgsH2CsWDcifclDTgmkUs85LyqFO5r3B0C0jh9xdekFtNhzCm7ZXQCvEy8jBZSh1nO+OkFMk4hJoIIY0/ZcBd0J0cCpYFO7kximCB2SPmsHI66MJBEz3cnT4pqpjUtpQ4DDWKclAS/kv1MTEhkzjvwpLkUEBmbVm4v/ee0EwpvuhEuVAJN0uvgoTASGGM+zwQHXjIIYp4RQzdN9MR0QTSikCdppEN7q2eukcVX2Un7vFiq3WSR5dIYu0CXy0DWqoCqqoTqi6Bm9ohl6s16smfVuffy25qxs5hQtwfr8ARLxm3U=</latexit><latexit sha1_base64="EkRCtgTipKVz9FIoMb9fCqhmIp8=">AAACDnicbVC7TsMwFHXKq4RXgJHF0FZiqpIuMFawdCwSfUhtVDmO01p1Esu+KVRRZ1Z+hLVMiJUvQOJvSEsGaDnSlY7PuVe+93hScA22/WUUNja3tneKu+be/sHhkXV80tZxoihr0VjEqusRzQSPWAs4CNaVipHQE6zjjW8XfmfClOZxdA9TydyQDCMecEogkwbWeVlK3Fd8OAKiVPyAG39eQMsDq2RX7SXwOnFyUkI5mgPrs+/HNAlZBFQQrXuOLcFNiQJOBZuZ/UQzSeiYDFnPn3CpIxIy7aaPy2tmJq5kDT4OYpVVBHgp/55KSaj1NPRmuBISGOlVbyH+5/USCK7dlEcyARbR2fKjIBEYYrzIBvtcMQpimhFCFc/2xXREFKGQJWhmQTirZ6+Tdq3qZPyuVqrf5JEU0Rm6QJfIQVeojhqoiVqIoif0gubo1Xg25sab8f7TWjDymVP0B8bHNxORm3c=</latexit><latexit sha1_base64="EkRCtgTipKVz9FIoMb9fCqhmIp8=">AAACDnicbVC7TsMwFHXKq4RXgJHF0FZiqpIuMFawdCwSfUhtVDmO01p1Esu+KVRRZ1Z+hLVMiJUvQOJvSEsGaDnSlY7PuVe+93hScA22/WUUNja3tneKu+be/sHhkXV80tZxoihr0VjEqusRzQSPWAs4CNaVipHQE6zjjW8XfmfClOZxdA9TydyQDCMecEogkwbWeVlK3Fd8OAKiVPyAG39eQMsDq2RX7SXwOnFyUkI5mgPrs+/HNAlZBFQQrXuOLcFNiQJOBZuZ/UQzSeiYDFnPn3CpIxIy7aaPy2tmJq5kDT4OYpVVBHgp/55KSaj1NPRmuBISGOlVbyH+5/USCK7dlEcyARbR2fKjIBEYYrzIBvtcMQpimhFCFc/2xXREFKGQJWhmQTirZ6+Tdq3qZPyuVqrf5JEU0Rm6QJfIQVeojhqoiVqIoif0gubo1Xg25sab8f7TWjDymVP0B8bHNxORm3c=</latexit><latexit sha1_base64="EkRCtgTipKVz9FIoMb9fCqhmIp8=">AAACDnicbVC7TsMwFHXKq4RXgJHF0FZiqpIuMFawdCwSfUhtVDmO01p1Esu+KVRRZ1Z+hLVMiJUvQOJvSEsGaDnSlY7PuVe+93hScA22/WUUNja3tneKu+be/sHhkXV80tZxoihr0VjEqusRzQSPWAs4CNaVipHQE6zjjW8XfmfClOZxdA9TydyQDCMecEogkwbWeVlK3Fd8OAKiVPyAG39eQMsDq2RX7SXwOnFyUkI5mgPrs+/HNAlZBFQQrXuOLcFNiQJOBZuZ/UQzSeiYDFnPn3CpIxIy7aaPy2tmJq5kDT4OYpVVBHgp/55KSaj1NPRmuBISGOlVbyH+5/USCK7dlEcyARbR2fKjIBEYYrzIBvtcMQpimhFCFc/2xXREFKGQJWhmQTirZ6+Tdq3qZPyuVqrf5JEU0Rm6QJfIQVeojhqoiVqIoif0gubo1Xg25sab8f7TWjDymVP0B8bHNxORm3c=</latexit><latexit sha1_base64="EkRCtgTipKVz9FIoMb9fCqhmIp8=">AAACDnicbVC7TsMwFHXKq4RXgJHF0FZiqpIuMFawdCwSfUhtVDmO01p1Esu+KVRRZ1Z+hLVMiJUvQOJvSEsGaDnSlY7PuVe+93hScA22/WUUNja3tneKu+be/sHhkXV80tZxoihr0VjEqusRzQSPWAs4CNaVipHQE6zjjW8XfmfClOZxdA9TydyQDCMecEogkwbWeVlK3Fd8OAKiVPyAG39eQMsDq2RX7SXwOnFyUkI5mgPrs+/HNAlZBFQQrXuOLcFNiQJOBZuZ/UQzSeiYDFnPn3CpIxIy7aaPy2tmJq5kDT4OYpVVBHgp/55KSaj1NPRmuBISGOlVbyH+5/USCK7dlEcyARbR2fKjIBEYYrzIBvtcMQpimhFCFc/2xXREFKGQJWhmQTirZ6+Tdq3qZPyuVqrf5JEU0Rm6QJfIQVeojhqoiVqIoif0gubo1Xg25sab8f7TWjDymVP0B8bHNxORm3c=</latexit><latexit sha1_base64="EkRCtgTipKVz9FIoMb9fCqhmIp8=">AAACDnicbVC7TsMwFHXKq4RXgJHF0FZiqpIuMFawdCwSfUhtVDmO01p1Esu+KVRRZ1Z+hLVMiJUvQOJvSEsGaDnSlY7PuVe+93hScA22/WUUNja3tneKu+be/sHhkXV80tZxoihr0VjEqusRzQSPWAs4CNaVipHQE6zjjW8XfmfClOZxdA9TydyQDCMecEogkwbWeVlK3Fd8OAKiVPyAG39eQMsDq2RX7SXwOnFyUkI5mgPrs+/HNAlZBFQQrXuOLcFNiQJOBZuZ/UQzSeiYDFnPn3CpIxIy7aaPy2tmJq5kDT4OYpVVBHgp/55KSaj1NPRmuBISGOlVbyH+5/USCK7dlEcyARbR2fKjIBEYYrzIBvtcMQpimhFCFc/2xXREFKGQJWhmQTirZ6+Tdq3qZPyuVqrf5JEU0Rm6QJfIQVeojhqoiVqIoif0gubo1Xg25sab8f7TWjDymVP0B8bHNxORm3c=</latexit><latexit sha1_base64="EkRCtgTipKVz9FIoMb9fCqhmIp8=">AAACDnicbVC7TsMwFHXKq4RXgJHF0FZiqpIuMFawdCwSfUhtVDmO01p1Esu+KVRRZ1Z+hLVMiJUvQOJvSEsGaDnSlY7PuVe+93hScA22/WUUNja3tneKu+be/sHhkXV80tZxoihr0VjEqusRzQSPWAs4CNaVipHQE6zjjW8XfmfClOZxdA9TydyQDCMecEogkwbWeVlK3Fd8OAKiVPyAG39eQMsDq2RX7SXwOnFyUkI5mgPrs+/HNAlZBFQQrXuOLcFNiQJOBZuZ/UQzSeiYDFnPn3CpIxIy7aaPy2tmJq5kDT4OYpVVBHgp/55KSaj1NPRmuBISGOlVbyH+5/USCK7dlEcyARbR2fKjIBEYYrzIBvtcMQpimhFCFc/2xXREFKGQJWhmQTirZ6+Tdq3qZPyuVqrf5JEU0Rm6QJfIQVeojhqoiVqIoif0gubo1Xg25sab8f7TWjDymVP0B8bHNxORm3c=</latexit>

pp ! H ! ⌧µ
<latexit sha1_base64="NQ2isxnQoOPrTHyacCGC7gcd41c=">AAACFHicbVC7TgJBFJ3FF66vVUubiUC0Irs0WhJtKDGRR8ISMjsMMGFmdzJzFyUbPsHWH7HFythamvg3LriFgie5yZlz7s3cewIluAHX/bJyG5tb2zv5XXtv/+DwyDk+aZoo1pQ1aCQi3Q6IYYKHrAEcBGsrzYgMBGsF49uF35owbXgU3sNUsa4kw5APOCWQSj3noqgU9jUfjoBoHT3g2p+XDyTGvoyLPafglt0l8DrxMlJAGeo959PvRzSWLAQqiDEdz1XQTYgGTgWb2X5smCJ0TIas059wZUIimekmj8ubZjYupQ19PIh0WiHgpfx7KiHSmKkMZrgkCYzMqrcQ//M6MQyuuwkPVQwspLPlR4NYYIjwIiHc55pRENOUEKp5ui+mI6IJhTRHOw3CWz17nTQrZS/ld5VC9SaLJI/O0Dm6RB66QlVUQ3XUQBQ9oRc0R6/WszW33qz3n9aclc2coj+wPr4BlzSd4A==</latexit><latexit sha1_base64="NQ2isxnQoOPrTHyacCGC7gcd41c=">AAACFHicbVC7TgJBFJ3FF66vVUubiUC0Irs0WhJtKDGRR8ISMjsMMGFmdzJzFyUbPsHWH7HFythamvg3LriFgie5yZlz7s3cewIluAHX/bJyG5tb2zv5XXtv/+DwyDk+aZoo1pQ1aCQi3Q6IYYKHrAEcBGsrzYgMBGsF49uF35owbXgU3sNUsa4kw5APOCWQSj3noqgU9jUfjoBoHT3g2p+XDyTGvoyLPafglt0l8DrxMlJAGeo959PvRzSWLAQqiDEdz1XQTYgGTgWb2X5smCJ0TIas059wZUIimekmj8ubZjYupQ19PIh0WiHgpfx7KiHSmKkMZrgkCYzMqrcQ//M6MQyuuwkPVQwspLPlR4NYYIjwIiHc55pRENOUEKp5ui+mI6IJhTRHOw3CWz17nTQrZS/ld5VC9SaLJI/O0Dm6RB66QlVUQ3XUQBQ9oRc0R6/WszW33qz3n9aclc2coj+wPr4BlzSd4A==</latexit><latexit sha1_base64="NQ2isxnQoOPrTHyacCGC7gcd41c=">AAACFHicbVC7TgJBFJ3FF66vVUubiUC0Irs0WhJtKDGRR8ISMjsMMGFmdzJzFyUbPsHWH7HFythamvg3LriFgie5yZlz7s3cewIluAHX/bJyG5tb2zv5XXtv/+DwyDk+aZoo1pQ1aCQi3Q6IYYKHrAEcBGsrzYgMBGsF49uF35owbXgU3sNUsa4kw5APOCWQSj3noqgU9jUfjoBoHT3g2p+XDyTGvoyLPafglt0l8DrxMlJAGeo959PvRzSWLAQqiDEdz1XQTYgGTgWb2X5smCJ0TIas059wZUIimekmj8ubZjYupQ19PIh0WiHgpfx7KiHSmKkMZrgkCYzMqrcQ//M6MQyuuwkPVQwspLPlR4NYYIjwIiHc55pRENOUEKp5ui+mI6IJhTRHOw3CWz17nTQrZS/ld5VC9SaLJI/O0Dm6RB66QlVUQ3XUQBQ9oRc0R6/WszW33qz3n9aclc2coj+wPr4BlzSd4A==</latexit><latexit sha1_base64="NQ2isxnQoOPrTHyacCGC7gcd41c=">AAACFHicbVC7TgJBFJ3FF66vVUubiUC0Irs0WhJtKDGRR8ISMjsMMGFmdzJzFyUbPsHWH7HFythamvg3LriFgie5yZlz7s3cewIluAHX/bJyG5tb2zv5XXtv/+DwyDk+aZoo1pQ1aCQi3Q6IYYKHrAEcBGsrzYgMBGsF49uF35owbXgU3sNUsa4kw5APOCWQSj3noqgU9jUfjoBoHT3g2p+XDyTGvoyLPafglt0l8DrxMlJAGeo959PvRzSWLAQqiDEdz1XQTYgGTgWb2X5smCJ0TIas059wZUIimekmj8ubZjYupQ19PIh0WiHgpfx7KiHSmKkMZrgkCYzMqrcQ//M6MQyuuwkPVQwspLPlR4NYYIjwIiHc55pRENOUEKp5ui+mI6IJhTRHOw3CWz17nTQrZS/ld5VC9SaLJI/O0Dm6RB66QlVUQ3XUQBQ9oRc0R6/WszW33qz3n9aclc2coj+wPr4BlzSd4A==</latexit>

pp ! tH ! ttc
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Phenomenology with Up Sector CKM 
(arxiv: 1904.10956 W. Almannshofer, B. Maddock, DT)
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❖ Similar collider phenomenology to CKM from up quark sector.

❖ Flavor constraints from D meson mixing are avoided.

❖ Strongest constraint from radiative b decay b —> s γ 

❖ Can lead to sizable flavor violating couplings of SM-like Higgs to 
up quarks

❖ New probe: rare top decays!
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❖ Loop suppressed

❖ GIM suppressed

❖ Unobservable at the LHC or future 
colliders
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W±

b

b

t

u, c

h

R

SM Prediction Experiment

t ! hu (3.66+0.94
�0.70 ± 0.67)⇥ 10�17 < 0.12%

t ! hc (4.19+1.08
�0.80 ± 0.16)⇥ 10�15 < 0.11%
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Rare Top Decays  
(arxiv: 1904.10956 W. Almannshofer, B. Maddock, DT)

Rare Top Decays in the SM

ATLAS arXiv:1812.11568 
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❖ Flavor-violating SM Higgs 
couplings

❖ Tree level contribution

❖ Can experimental searches test the 
parameter space?

❖ Loop suppressed

❖ GIM suppressed

❖ Unobservable at the LHC or future 
colliders

14/16

W±

b

b

t

u, c

h

R

Flavorful 2HDM
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(arxiv: 1904.10956 W. Almannshofer, B. Maddock, DT)

Rare Top Decays in the SM

SM Prediction Experiment

t ! hu (3.66+0.94
�0.70 ± 0.67)⇥ 10�17 < 0.12%
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Rare Top Decays  
(arxiv: 1904.10956 W. Almannshofer, B. Maddock, DT)
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t → hu t → hc
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Summary
❖ The SM flavor puzzle can be addressed in a Flavorful 2HDM with rank-1 structure for the 

SM-like Higgs boson
❖ Theory of flavor needs a UV completion! Can use the “flavor-locking” mechanism for down quark CKM 

(see arxiv:1507.00009 and 1712.01847 for details) or Froggatt-Nielsen for up quark CKM (see arxiv: 
1904.10956 for implementation).

❖ “Clever” flavor structures to suppress large FCNCs (but still have off-diagonal couplings!)

❖ Distinct production and decays modes involving 2nd gen. fermions

❖ Weak collider constraints

❖ New collider signatures that can be looked for at the LHC

❖ Complimentary approach in rare top decays

❖ Several benchmarks for the Flavorful 2HDM have been delivered to experimentalists, and 
have inspired searches already! See link below:

16/16

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/
LHCHXSWG3Flavorful2HDM

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG3Flavorful2HDM
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG3Flavorful2HDM
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Thanks! 
Questions?
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Back up Slides
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Current LHC Searches

from S. Gori - “(Flavor) gaps 
in Heavy Higgs searches” 

@ Triggering on New Physics at the HL-LHC
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❖ Current LHC studies have focused on flavor conserving 2HDMs

Paradigm Shift?

Model ui
R diR eiR

Type I � � �
Type II � �0 �0

Flipped � �0 �
Lepton-specific � � �0
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Are we missing interesting signatures by only focusing 
on these 2HDMs?

Models that break flavor conservation predict very distinct signatures that we miss 
if we only focus on the 2HDMs above! 

They can also provide insight into the SM Flavor Puzzle
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Brief Introduction to 2HDMs
❖ Introduce a second SU(2)L doublet that mixies with Higgs doublet of the 

SM

❖ At the minimum of the potential both Higgs doublets acquire vacuum 
expectation values:

❖ Phenomenology of a 2HDM is determined by two parameters:

❖ β — mixing angle between imaginary and charged components of the Higgs 
doublets; parameterized by tanβ = v/v’ 

❖ α — mixing angle between neutral components of Higgs doublets; 
parameterized via cos(β - α)

SM 2HDM

Higgs doublets � �, �
0

Physical states h h, H, A, H
±

Yukawa couplings Yij Yij , Y
0
ij
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h�i = v, h�0i = v0
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Brief Introduction to 2HDMs
❖ Introduce a second SU(2)L doublet that mixies with Higgs doublet of the 

SM

❖ At the minimum of the potential both Higgs doublets acquire vacuum 
expectation values:

❖ Phenomenology of a 2HDM is determined by two parameters:

❖ β — mixing angle between imaginary and charged components of the Higgs 
doublets; parameterized by tanβ = v/v’ 

❖ α — mixing angle between neutral components of Higgs doublets; 
parameterized via cos(β - α)

SM 2HDM

Higgs doublets � �, �
0

Physical states h h, H, A, H
±

Yukawa couplings Yij Yij , Y
0
ij
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SM: Higgs couplings are flavor 
diagonal

2HDM: Higgs couplings are 
not necessarily flavor diagonal!

h�i = v, h�0i = v0
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Flavor Changing Neutral Currents 

Model ui
R diR eiR

Type I � � �
Type II � �0 �0

Flipped � �0 �
Lepton-specific � � �0
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D. Tuckler

❖ Generic 2HDMs have Yukawa couplings that are not flavor diagonal

❖ Can lead to large tree-level Higgs contributions to FCNC (e.g. meson 
oscillations)

❖ How to eliminate flavor changing Higgs couplings? Introduce symmetries!

❖ Higgs couples are flavor conserving
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❖ Generic 2HDMs have Yukawa couplings that are not flavor diagonal

❖ Can lead to large tree-level Higgs contributions to FCNC (e.g. meson 
oscillations)

❖ How to eliminate flavor changing Higgs couplings? Introduce symmetries!

❖ Higgs couples are flavor conserving

Flavor Changing Neutral Currents 

Motivated by 
Supersymmetry

Model ui
R diR eiR

Type I � � �
Type II � �0 �0

Flipped � �0 �
Lepton-specific � � �0
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Supersymmetry has been the driving force behind searches for additional 
Higgs bosons
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New Signatures for H±

❖ Charged Higgs-top associated 
production

❖ Di-jet resonance + top quark

❖ Sizable σ × BR of a few hundred 
of fb - pb

❖ Unconstrained by current LHC 
searches
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D. Tuckler

New Signatures for H

❖ Quark-quark fusion production

❖ Top-charm resonances

❖ Use leptonically decaying 
top quark as a trigger

❖ Sizable σ × BR of hundreds of 
fb to a few pb

❖ Shaded region = constraints 
from di-muon searches
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New Signatures for H

❖ Quark-quark fusion production

❖ τμ resonance

❖ Sizable σ × BR of a few to tens of 
fb
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New Signatures for H

❖ Higgs-top associated production

❖ Look for same-sign top quarks

❖ Two same sign final state 
leptons

❖ Sizable σ × BR of a few to tens of 
fb
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Constraints from 125 GeV Higgs
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D. Tuckler

Flavor Constraints on Down Sector CKM 
(arxiv:1712.01847  W. Altmannshofer, S. Gori, D. Robinson, DT)

❖ Flavor changing Higgs couplings generate tree level contributions to meson oscillation

❖ There are mild tensions between SM predictions and experimental measurements. Our 
model can accommodate current date slightly better than the SM.

SM Flavorful 2HDM
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❖ Quantify the goodness of the model by constructing a χ2 -like function

❖ Observables that are sensitive to Higgs bosons:

❖ Zero means that the model perfectly reproduces the experimental data

❖  Compare to SM: 

❖ Benchmark point: mA = mH = 500 GeV, tanβ = 5, cos(β-α) = 0

❖ Observables that are sensitive to Higgs bosons: ΔMK, ΔMBd,s
, ϵK, ϕd,s

Data SM Prediction NP Contribution
�MK (5.294± 0.002)⇥ 10�3 ps�1 (4.7± 1.8)⇥ 10�3 ps�1 ' �2⇥ 10�6 ps�1

�MBd 0.5055± 0.0020 ps�1 0.63± 0.07 ps�1 ' 0.01 ps�1

�MBs 17.757± 0.021 ps�1 19.6± 1.3 ps�1 ' �1.8 ps�1

✏K (2.288± 0.011)⇥ 10�3 (1.81± 0.28)⇥ 10�3 ' 0.025⇥ 10�3

�d 43.7± 2.4� 47.5± 2.0� ' �2.4�

�s �1.2± 1.8� �2.12± 0.04� ' 0.26�
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Flavor Constraints on Down Sector CKM 
(arxiv:1712.01847  W. Altmannshofer, S. Gori, D. Robinson, DT)
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Flavor Constraints on Up Sector CKM

❖ Large contribution from 
charged Higgs in the 
loop

❖ Restrict charged Higgs 
mass to be above 800 
GeV
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