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‣  Improving the expected: SM-like Higgs couplings 
‣ lifting degeneracies in coupling space for expected 

uncertainties with adversarial machine learning 
‣ …..

‣  Constraining/observing the unexpected: 
‣ Higgs sector CP violation 
‣ …..

‣  Closing in on new physics in the Higgs sector 
‣ di-Higgs production as a probe of new physics 
‣ …..

Overview



“Yang-Mills theories had to be right”
`t Hooft, “Under the Spell of the Gauge Principle”

Ws and Zs in 1983 at UA1/UA2

mW � 80.42 GeV

mZ � 91.19 GeV

How do you accommodate this in QFT ?
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`t Hooft, “Under the Spell of the Gauge Principle”

Ws and Zs in 1983 at UA1/UA2

mW � 80.42 GeV

mZ � 91.19 GeV

How do you accommodate this in QFT ?

unique answer to this in 1964 [Higgs `64] [Brout, Englert `64] [Guralnik, Hagen, Kibble `64]
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`t Hooft, “Under the Spell of the Gauge Principle”

Ws and Zs in 1983 at UA1/UA2

mW � 80.42 GeV

mZ � 91.19 GeV

How do you accommodate this in QFT ?

unique answer to this in 1964 [Higgs `64] [Brout, Englert `64] [Guralnik, Hagen, Kibble `64]

• non-linear realisation of gauge symmetry in a Yang Mills+scalar 
sector is compatible with                                                                                         �H� �= 0

☛ "spontaneous" symmetry breaking
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`t Hooft, “Under the Spell of the Gauge Principle”

Ws and Zs in 1983 at UA1/UA2

mW � 80.42 GeV

mZ � 91.19 GeV

How do you accommodate this in QFT ?

unique answer to this in 1964 [Higgs `64] [Brout, Englert `64] [Guralnik, Hagen, Kibble `64]

• non-linear realisation of gauge symmetry in a Yang Mills+scalar 
sector is compatible with                                                                                         

• massive gauge bosons, but no ghost problems at small distances

�H� �= 0
☛ "spontaneous" symmetry breaking

☛ renormalizability, probability conservation
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“Yang-Mills theories had to be right”



The Standard Model: taking stock

SM QFT external symmetriesinternal symmetries massive, light fermions

massless vectors

massive vectors + scalars

chiral symmetry, 
marginal Yukawas

gauge symmetry

gauge + Higgs systems

Mind Map
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“What’s next at the LHC ?”

[Coleman, Mandula `67]
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Status of LHC measurements

☛ everything is consistent with the SM Higgs hypothesis (so far) 
but what are the implications for new physics?
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coupling/scale 
separated BSM physics

Effective Field Theory

[Buchmüller, Wyler `87]  
[Hagiwara, Peccei, Zeppenfeld, Hikasa `87] 
[Giudice, Grojean, Pomarol, Rattazzi `07] 
[Grzadkowski, Iskrzynski, Misiak, Rosiek `10]

Fingerprinting the lack of new physics
no evidence for 

exoticsthe SM is flawed

59 B-conserving operators ⊗ flavor ⊗ h.c., d=6
2499 parameters (reduces to 76 with Nf=1)

L = LSM +
�

i

ci

�2
Oi + . . .
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coupling/scale 
separated BSM physics

Effective Field Theory concrete models
• extended SMEFT

• (    ) Higgs portals

• 2HDMs

• (N)MSSM

• compositeness….

[Buchmüller, Wyler `87]  
[Hagiwara, Peccei, Zeppenfeld, Hikasa `87] 
[Giudice, Grojean, Pomarol, Rattazzi `07] 
[Grzadkowski, Iskrzynski, Misiak, Rosiek `10]

L = LSM +
�

i

ci

�2
Oi

Fingerprinting the lack of new physics
no evidence for 

exoticsthe SM is flawed

59 B-conserving operators ⊗ flavor ⊗ h.c., d=6
2499 parameters (reduces to 76 with Nf=1)

+ . . .
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Weak decay

µ
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<latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit><latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit><latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit><latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit>

e
<latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit><latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit><latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit><latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit>

�µ
<latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="AN4ZsCOb3BkEC4bwyZbdoZU1wHg=">AAAB+HicbZBPS8MwGMbT+W/WqfPsJTgET6P1ot4ELx4nWDdYy0jTt1tYkpYknYzSu3j1e3gSv4tfw09guu2gmw8EHp4n4X3zi3POtPG8L6extb2zu9fcdw9a7uHRcbv1pLNCUQhoxjM1iIkGziQEhhkOg1wBETGHfjy9q/v+DJRmmXw08xwiQcaSpYwSY6PeqN3xut5CeNP4K9NBK43a32GS0UKANJQTrYe+l5uoJMowyqFyw0JDTuiUjGForSQCdFQu1qzwuU0SnGbKHmnwIv39oiRC67mI7U1BzESvd3X4XzcsTHodlUzmhQFJl4PSgmOT4frPOGEKqOFzawhVzO6K6YQoQo0l47qhhGeaCUFkUoazGdCqDAuZgKqhVq5l5K8T2TTBZfem6z94qIlO0Rm6QD66QrfoHvVQgChK0Ct6c16cd+djibLhrJieoD9yPn8AraSXaA==</latexit><latexit sha1_base64="FqubYECA4q0kmS5A1UVjgyt+h5o=">AAACAnicbZDNSgMxFIXv1L86Vq1u3QwWwVWZcaPuBDcuK1hb6JSSydy2oUlmyE+lDH0H3ep7uBLfw9fwCUx/Ftp6IHA4J+HefEnOmTZh+OWVNja3tnfKu/5eZf/gsHpUedSZVRSbNOOZaidEI2cSm4YZju1cIREJx1Yyup31rTEqzTL5YCY5dgUZSNZnlBgXtWJpe7GwvWotrIdzBesmWpoaLNXoVb/jNKNWoDSUE607UZibbkGUYZTj1I+txpzQERlgx1lJBOpuMV93Gpy5JA36mXJHmmCe/n5REKH1RCTupiBmqFe7Wfhf17Gmf9UtmMytQUkXg/qWByYLZn8PUqaQGj5xhlDF3K4BHRJFqHGEfD+W+EQzIYhMi3g8RjotYitTVDO4U99BilaRrJvmRf26Ht2HUIYTOIVziOASbuAOGtAECiN4gVd48569d+9jQbPkLbEewx95nz8t1Ztz</latexit><latexit sha1_base64="FqubYECA4q0kmS5A1UVjgyt+h5o=">AAACAnicbZDNSgMxFIXv1L86Vq1u3QwWwVWZcaPuBDcuK1hb6JSSydy2oUlmyE+lDH0H3ep7uBLfw9fwCUx/Ftp6IHA4J+HefEnOmTZh+OWVNja3tnfKu/5eZf/gsHpUedSZVRSbNOOZaidEI2cSm4YZju1cIREJx1Yyup31rTEqzTL5YCY5dgUZSNZnlBgXtWJpe7GwvWotrIdzBesmWpoaLNXoVb/jNKNWoDSUE607UZibbkGUYZTj1I+txpzQERlgx1lJBOpuMV93Gpy5JA36mXJHmmCe/n5REKH1RCTupiBmqFe7Wfhf17Gmf9UtmMytQUkXg/qWByYLZn8PUqaQGj5xhlDF3K4BHRJFqHGEfD+W+EQzIYhMi3g8RjotYitTVDO4U99BilaRrJvmRf26Ht2HUIYTOIVziOASbuAOGtAECiN4gVd48569d+9jQbPkLbEewx95nz8t1Ztz</latexit><latexit sha1_base64="OzTWEa/Qxvw3Qc2K1fJpLruMx9Q=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokbdVd047KCtUITymRy0w6dmYR5VEroP+hW/8OVuPUb/A2/wEnbhbYeuHA4517uvSfOGVXa97+cysrq2vpGddPd2t7Z3avtH9yrzEgCbZKxTD7EWAGjAtqaagYPuQTMYwadeHhd+p0RSEUzcafHOUQc9wVNKcHaSp1QmF7ITa9W9xv+FN4yCeakjuZo9WrfYZIRw0FowrBS3cDPdVRgqSlhMHFDoyDHZIj70LVUYA4qKqbnTrwTqyRemklbQntT9fdEgblSYx7bTo71QC16pfif1zU6vYgKKnKjQZDZotQwT2de+buXUAlEs7ElmEhqb/XIAEtMtE3IdUMBjyTjHIukCEcjIJMiNCIBWYY7cW1IwWIky6R91rhsBLd+vXk1T6uKjtAxOkUBOkdNdINaqI0IGqJn9IJenSfnzXl3PmatFWc+c4j+wPn8Ae4knOc=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit>

data effective field 
theory interpretation

Effective theory
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<latexit sha1_base64="Dh6o/Zj8nRpd1p1lV3BHawGuA+Y="></latexit><latexit sha1_base64="Dh6o/Zj8nRpd1p1lV3BHawGuA+Y="></latexit><latexit sha1_base64="Dh6o/Zj8nRpd1p1lV3BHawGuA+Y="></latexit><latexit sha1_base64="Dh6o/Zj8nRpd1p1lV3BHawGuA+Y="></latexit>

Weak decay
|t| � m2

W
<latexit sha1_base64="WAnuVrUwhucInB+RY5REptrGFgE=">AAACEnicbZDNSgMxFIUz9a+Of1WXboJFcFVmiqDuim5cVrC20Kklk7ltQ5PMkGQqZdrH0K2+hytx6wv4Gj6B6c9CWw8EDufcSy5fmHCmjed9ObmV1bX1jfymu7W9s7tX2D+413GqKNRozGPVCIkGziTUDDMcGokCIkIO9bB/PenrA1CaxfLODBNoCdKVrMMoMTYKRmYUcI5Fu/5QbheKXsmbCi8bf26KaK5qu/AdRDFNBUhDOdG66XuJaWVEGUY5jN0g1ZAQ2iddaForiQDdyqY3j/GJTSLciZV90uBp+nsjI0LroQjtpCCmpxe7Sfhf10xN56KVMZmkBiSdfdRJOTYxngDAEVNADR9aQ6hi9lZMe0QRaiwm1w0kPNJYCCKjLBgMgI6zIJURqAnhsWsh+YtIlk2tXLos+bdnxcrVnFYeHaFjdIp8dI4q6AZVUQ1RlKBn9IJenSfnzXl3PmajOWe+c4j+yPn8AVXRnrQ=</latexit><latexit sha1_base64="WAnuVrUwhucInB+RY5REptrGFgE=">AAACEnicbZDNSgMxFIUz9a+Of1WXboJFcFVmiqDuim5cVrC20Kklk7ltQ5PMkGQqZdrH0K2+hytx6wv4Gj6B6c9CWw8EDufcSy5fmHCmjed9ObmV1bX1jfymu7W9s7tX2D+413GqKNRozGPVCIkGziTUDDMcGokCIkIO9bB/PenrA1CaxfLODBNoCdKVrMMoMTYKRmYUcI5Fu/5QbheKXsmbCi8bf26KaK5qu/AdRDFNBUhDOdG66XuJaWVEGUY5jN0g1ZAQ2iddaForiQDdyqY3j/GJTSLciZV90uBp+nsjI0LroQjtpCCmpxe7Sfhf10xN56KVMZmkBiSdfdRJOTYxngDAEVNADR9aQ6hi9lZMe0QRaiwm1w0kPNJYCCKjLBgMgI6zIJURqAnhsWsh+YtIlk2tXLos+bdnxcrVnFYeHaFjdIp8dI4q6AZVUQ1RlKBn9IJenSfnzXl3PmajOWe+c4j+yPn8AVXRnrQ=</latexit><latexit sha1_base64="WAnuVrUwhucInB+RY5REptrGFgE=">AAACEnicbZDNSgMxFIUz9a+Of1WXboJFcFVmiqDuim5cVrC20Kklk7ltQ5PMkGQqZdrH0K2+hytx6wv4Gj6B6c9CWw8EDufcSy5fmHCmjed9ObmV1bX1jfymu7W9s7tX2D+413GqKNRozGPVCIkGziTUDDMcGokCIkIO9bB/PenrA1CaxfLODBNoCdKVrMMoMTYKRmYUcI5Fu/5QbheKXsmbCi8bf26KaK5qu/AdRDFNBUhDOdG66XuJaWVEGUY5jN0g1ZAQ2iddaForiQDdyqY3j/GJTSLciZV90uBp+nsjI0LroQjtpCCmpxe7Sfhf10xN56KVMZmkBiSdfdRJOTYxngDAEVNADR9aQ6hi9lZMe0QRaiwm1w0kPNJYCCKjLBgMgI6zIJURqAnhsWsh+YtIlk2tXLos+bdnxcrVnFYeHaFjdIp8dI4q6AZVUQ1RlKBn9IJenSfnzXl3PmajOWe+c4j+yPn8AVXRnrQ=</latexit><latexit sha1_base64="WAnuVrUwhucInB+RY5REptrGFgE=">AAACEnicbZDNSgMxFIUz9a+Of1WXboJFcFVmiqDuim5cVrC20Kklk7ltQ5PMkGQqZdrH0K2+hytx6wv4Gj6B6c9CWw8EDufcSy5fmHCmjed9ObmV1bX1jfymu7W9s7tX2D+413GqKNRozGPVCIkGziTUDDMcGokCIkIO9bB/PenrA1CaxfLODBNoCdKVrMMoMTYKRmYUcI5Fu/5QbheKXsmbCi8bf26KaK5qu/AdRDFNBUhDOdG66XuJaWVEGUY5jN0g1ZAQ2iddaForiQDdyqY3j/GJTSLciZV90uBp+nsjI0LroQjtpCCmpxe7Sfhf10xN56KVMZmkBiSdfdRJOTYxngDAEVNADR9aQ6hi9lZMe0QRaiwm1w0kPNJYCCKjLBgMgI6zIJURqAnhsWsh+YtIlk2tXLos+bdnxcrVnFYeHaFjdIp8dI4q6AZVUQ1RlKBn9IJenSfnzXl3PmajOWe+c4j+yPn8AVXRnrQ=</latexit>

µ
<latexit sha1_base64="JAUiNNIFc2QjVlJpYY4S4OW0At0=">AAACCXicbVDLSsNAFJ34rPFVdekmWARXJRFB3RXduKxobaEpZTK5bYfOTMI8KiXkD3Sr/+FK3PoV/oZf4KTtQlsPXDiccy/33hOljCrt+1/O0vLK6tp6acPd3Nre2S3v7T+oxEgCDZKwRLYirIBRAQ1NNYNWKgHziEEzGl4XfnMEUtFE3OtxCh2O+4L2KMHaSnchN91yxa/6E3iLJJiRCpqh3i1/h3FCDAehCcNKtQM/1Z0MS00Jg9wNjYIUkyHuQ9tSgTmoTjY5NfeOrRJ7vUTaEtqbqL8nMsyVGvPIdnKsB2reK8T/vLbRvYtORkVqNAgyXdQzzNOJV/ztxVQC0WxsCSaS2ls9MsASE23Tcd1QwCNJOMcizsLRCEiehUbEIItgc9eGFMxHskgap9XLanB7VqldzdIqoUN0hE5QgM5RDd2gOmoggvroGb2gV+fJeXPenY9p65IzmzlAf+B8/gCuNpsl</latexit><latexit sha1_base64="JAUiNNIFc2QjVlJpYY4S4OW0At0=">AAACCXicbVDLSsNAFJ34rPFVdekmWARXJRFB3RXduKxobaEpZTK5bYfOTMI8KiXkD3Sr/+FK3PoV/oZf4KTtQlsPXDiccy/33hOljCrt+1/O0vLK6tp6acPd3Nre2S3v7T+oxEgCDZKwRLYirIBRAQ1NNYNWKgHziEEzGl4XfnMEUtFE3OtxCh2O+4L2KMHaSnchN91yxa/6E3iLJJiRCpqh3i1/h3FCDAehCcNKtQM/1Z0MS00Jg9wNjYIUkyHuQ9tSgTmoTjY5NfeOrRJ7vUTaEtqbqL8nMsyVGvPIdnKsB2reK8T/vLbRvYtORkVqNAgyXdQzzNOJV/ztxVQC0WxsCSaS2ls9MsASE23Tcd1QwCNJOMcizsLRCEiehUbEIItgc9eGFMxHskgap9XLanB7VqldzdIqoUN0hE5QgM5RDd2gOmoggvroGb2gV+fJeXPenY9p65IzmzlAf+B8/gCuNpsl</latexit><latexit sha1_base64="JAUiNNIFc2QjVlJpYY4S4OW0At0=">AAACCXicbVDLSsNAFJ34rPFVdekmWARXJRFB3RXduKxobaEpZTK5bYfOTMI8KiXkD3Sr/+FK3PoV/oZf4KTtQlsPXDiccy/33hOljCrt+1/O0vLK6tp6acPd3Nre2S3v7T+oxEgCDZKwRLYirIBRAQ1NNYNWKgHziEEzGl4XfnMEUtFE3OtxCh2O+4L2KMHaSnchN91yxa/6E3iLJJiRCpqh3i1/h3FCDAehCcNKtQM/1Z0MS00Jg9wNjYIUkyHuQ9tSgTmoTjY5NfeOrRJ7vUTaEtqbqL8nMsyVGvPIdnKsB2reK8T/vLbRvYtORkVqNAgyXdQzzNOJV/ztxVQC0WxsCSaS2ls9MsASE23Tcd1QwCNJOMcizsLRCEiehUbEIItgc9eGFMxHskgap9XLanB7VqldzdIqoUN0hE5QgM5RDd2gOmoggvroGb2gV+fJeXPenY9p65IzmzlAf+B8/gCuNpsl</latexit><latexit sha1_base64="JAUiNNIFc2QjVlJpYY4S4OW0At0=">AAACCXicbVDLSsNAFJ34rPFVdekmWARXJRFB3RXduKxobaEpZTK5bYfOTMI8KiXkD3Sr/+FK3PoV/oZf4KTtQlsPXDiccy/33hOljCrt+1/O0vLK6tp6acPd3Nre2S3v7T+oxEgCDZKwRLYirIBRAQ1NNYNWKgHziEEzGl4XfnMEUtFE3OtxCh2O+4L2KMHaSnchN91yxa/6E3iLJJiRCpqh3i1/h3FCDAehCcNKtQM/1Z0MS00Jg9wNjYIUkyHuQ9tSgTmoTjY5NfeOrRJ7vUTaEtqbqL8nMsyVGvPIdnKsB2reK8T/vLbRvYtORkVqNAgyXdQzzNOJV/ztxVQC0WxsCSaS2ls9MsASE23Tcd1QwCNJOMcizsLRCEiehUbEIItgc9eGFMxHskgap9XLanB7VqldzdIqoUN0hE5QgM5RDd2gOmoggvroGb2gV+fJeXPenY9p65IzmzlAf+B8/gCuNpsl</latexit>

�̄e
<latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit><latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit><latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit><latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit>

e
<latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit><latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit><latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit><latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit>

�µ
<latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="AN4ZsCOb3BkEC4bwyZbdoZU1wHg=">AAAB+HicbZBPS8MwGMbT+W/WqfPsJTgET6P1ot4ELx4nWDdYy0jTt1tYkpYknYzSu3j1e3gSv4tfw09guu2gmw8EHp4n4X3zi3POtPG8L6extb2zu9fcdw9a7uHRcbv1pLNCUQhoxjM1iIkGziQEhhkOg1wBETGHfjy9q/v+DJRmmXw08xwiQcaSpYwSY6PeqN3xut5CeNP4K9NBK43a32GS0UKANJQTrYe+l5uoJMowyqFyw0JDTuiUjGForSQCdFQu1qzwuU0SnGbKHmnwIv39oiRC67mI7U1BzESvd3X4XzcsTHodlUzmhQFJl4PSgmOT4frPOGEKqOFzawhVzO6K6YQoQo0l47qhhGeaCUFkUoazGdCqDAuZgKqhVq5l5K8T2TTBZfem6z94qIlO0Rm6QD66QrfoHvVQgChK0Ct6c16cd+djibLhrJieoD9yPn8AraSXaA==</latexit><latexit sha1_base64="FqubYECA4q0kmS5A1UVjgyt+h5o=">AAACAnicbZDNSgMxFIXv1L86Vq1u3QwWwVWZcaPuBDcuK1hb6JSSydy2oUlmyE+lDH0H3ep7uBLfw9fwCUx/Ftp6IHA4J+HefEnOmTZh+OWVNja3tnfKu/5eZf/gsHpUedSZVRSbNOOZaidEI2cSm4YZju1cIREJx1Yyup31rTEqzTL5YCY5dgUZSNZnlBgXtWJpe7GwvWotrIdzBesmWpoaLNXoVb/jNKNWoDSUE607UZibbkGUYZTj1I+txpzQERlgx1lJBOpuMV93Gpy5JA36mXJHmmCe/n5REKH1RCTupiBmqFe7Wfhf17Gmf9UtmMytQUkXg/qWByYLZn8PUqaQGj5xhlDF3K4BHRJFqHGEfD+W+EQzIYhMi3g8RjotYitTVDO4U99BilaRrJvmRf26Ht2HUIYTOIVziOASbuAOGtAECiN4gVd48569d+9jQbPkLbEewx95nz8t1Ztz</latexit><latexit sha1_base64="FqubYECA4q0kmS5A1UVjgyt+h5o=">AAACAnicbZDNSgMxFIXv1L86Vq1u3QwWwVWZcaPuBDcuK1hb6JSSydy2oUlmyE+lDH0H3ep7uBLfw9fwCUx/Ftp6IHA4J+HefEnOmTZh+OWVNja3tnfKu/5eZf/gsHpUedSZVRSbNOOZaidEI2cSm4YZju1cIREJx1Yyup31rTEqzTL5YCY5dgUZSNZnlBgXtWJpe7GwvWotrIdzBesmWpoaLNXoVb/jNKNWoDSUE607UZibbkGUYZTj1I+txpzQERlgx1lJBOpuMV93Gpy5JA36mXJHmmCe/n5REKH1RCTupiBmqFe7Wfhf17Gmf9UtmMytQUkXg/qWByYLZn8PUqaQGj5xhlDF3K4BHRJFqHGEfD+W+EQzIYhMi3g8RjotYitTVDO4U99BilaRrJvmRf26Ht2HUIYTOIVziOASbuAOGtAECiN4gVd48569d+9jQbPkLbEewx95nz8t1Ztz</latexit><latexit sha1_base64="OzTWEa/Qxvw3Qc2K1fJpLruMx9Q=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokbdVd047KCtUITymRy0w6dmYR5VEroP+hW/8OVuPUb/A2/wEnbhbYeuHA4517uvSfOGVXa97+cysrq2vpGddPd2t7Z3avtH9yrzEgCbZKxTD7EWAGjAtqaagYPuQTMYwadeHhd+p0RSEUzcafHOUQc9wVNKcHaSp1QmF7ITa9W9xv+FN4yCeakjuZo9WrfYZIRw0FowrBS3cDPdVRgqSlhMHFDoyDHZIj70LVUYA4qKqbnTrwTqyRemklbQntT9fdEgblSYx7bTo71QC16pfif1zU6vYgKKnKjQZDZotQwT2de+buXUAlEs7ElmEhqb/XIAEtMtE3IdUMBjyTjHIukCEcjIJMiNCIBWYY7cW1IwWIky6R91rhsBLd+vXk1T6uKjtAxOkUBOkdNdINaqI0IGqJn9IJenSfnzXl3PmatFWc+c4j+wPn8Ae4knOc=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit>

data effective field 
theory interpretation

Effective theory
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<latexit sha1_base64="Dh6o/Zj8nRpd1p1lV3BHawGuA+Y="></latexit><latexit sha1_base64="Dh6o/Zj8nRpd1p1lV3BHawGuA+Y="></latexit><latexit sha1_base64="Dh6o/Zj8nRpd1p1lV3BHawGuA+Y="></latexit><latexit sha1_base64="Dh6o/Zj8nRpd1p1lV3BHawGuA+Y="></latexit>

� � 1

m2
W

�
<latexit sha1_base64="LR7PHC1pU+90cYbrVogGdHU8pM4="></latexit><latexit sha1_base64="LR7PHC1pU+90cYbrVogGdHU8pM4="></latexit><latexit sha1_base64="LR7PHC1pU+90cYbrVogGdHU8pM4="></latexit><latexit sha1_base64="AN4ZsCOb3BkEC4bwyZbdoZU1wHg=">AAAB+HicbZBPS8MwGMbT+W/WqfPsJTgET6P1ot4ELx4nWDdYy0jTt1tYkpYknYzSu3j1e3gSv4tfw09guu2gmw8EHp4n4X3zi3POtPG8L6extb2zu9fcdw9a7uHRcbv1pLNCUQhoxjM1iIkGziQEhhkOg1wBETGHfjy9q/v+DJRmmXw08xwiQcaSpYwSY6PeqN3xut5CeNP4K9NBK43a32GS0UKANJQTrYe+l5uoJMowyqFyw0JDTuiUjGForSQCdFQu1qzwuU0SnGbKHmnwIv39oiRC67mI7U1BzESvd3X4XzcsTHodlUzmhQFJl4PSgmOT4frPOGEKqOFzawhVzO6K6YQoQo0l47qhhGeaCUFkUoazGdCqDAuZgKqhVq5l5K8T2TTBZfem6z94qIlO0Rm6QD66QrfoHvVQgChK0Ct6c16cd+djibLhrJieoD9yPn8AraSXaA==</latexit><latexit sha1_base64="CFgfjUjOss4dpQa37aHFoEhAqGE=">AAACGXicbZC7TsMwFIZPuBNuhRUGC4TEQpWwABsSC2ORKEVqSuU4p2DhS7CdoirKwsvACu/BhBh4DZ4At3Tg9kuWfv3/sY79pbng1kXRezAxOTU9Mzs3Hy4sLi2v1FYXz60uDMMm00Kbi5RaFFxh03En8CI3SGUqsJXeHA/7Vh+N5VqduUGOHUmvFO9xRp2PurWNxHKJt2S3jBPtB4nsti73qsT51HZrW1E9Gon8NfHYbMFYjW7tI8k0KyQqxwS1th1HueuU1DjOBFZhUljMKbuhV9j2VlG/pFOOflGRbZ9kpKeNP8qRUfr9RkmltQOZ+klJ3bX93Q3D/7p24XoHnZKrvHCo2NeiXiGI02SIhGTcIHNi4A1lhvu3EnZNDWXOgwvDROEd01JSlZVJv4+sKpNCZWiGzKvQQ4p/I/lrmnv1w3p8GsEcrMMm7EAM+3AEJ9CAJjC4h0d4gufgIXgJXr9oTgRjrGvwQ8HbJyIBo90=</latexit><latexit sha1_base64="CFgfjUjOss4dpQa37aHFoEhAqGE=">AAACGXicbZC7TsMwFIZPuBNuhRUGC4TEQpWwABsSC2ORKEVqSuU4p2DhS7CdoirKwsvACu/BhBh4DZ4At3Tg9kuWfv3/sY79pbng1kXRezAxOTU9Mzs3Hy4sLi2v1FYXz60uDMMm00Kbi5RaFFxh03En8CI3SGUqsJXeHA/7Vh+N5VqduUGOHUmvFO9xRp2PurWNxHKJt2S3jBPtB4nsti73qsT51HZrW1E9Gon8NfHYbMFYjW7tI8k0KyQqxwS1th1HueuU1DjOBFZhUljMKbuhV9j2VlG/pFOOflGRbZ9kpKeNP8qRUfr9RkmltQOZ+klJ3bX93Q3D/7p24XoHnZKrvHCo2NeiXiGI02SIhGTcIHNi4A1lhvu3EnZNDWXOgwvDROEd01JSlZVJv4+sKpNCZWiGzKvQQ4p/I/lrmnv1w3p8GsEcrMMm7EAM+3AEJ9CAJjC4h0d4gufgIXgJXr9oTgRjrGvwQ8HbJyIBo90=</latexit><latexit sha1_base64="SJS8YapeHUdDJVW8cECulgJCrn0="></latexit><latexit sha1_base64="LR7PHC1pU+90cYbrVogGdHU8pM4="></latexit><latexit sha1_base64="LR7PHC1pU+90cYbrVogGdHU8pM4="></latexit><latexit sha1_base64="LR7PHC1pU+90cYbrVogGdHU8pM4="></latexit><latexit sha1_base64="LR7PHC1pU+90cYbrVogGdHU8pM4="></latexit><latexit sha1_base64="LR7PHC1pU+90cYbrVogGdHU8pM4="></latexit><latexit sha1_base64="LR7PHC1pU+90cYbrVogGdHU8pM4="></latexit>

Weak decay
|t| � m2

W
<latexit sha1_base64="WAnuVrUwhucInB+RY5REptrGFgE=">AAACEnicbZDNSgMxFIUz9a+Of1WXboJFcFVmiqDuim5cVrC20Kklk7ltQ5PMkGQqZdrH0K2+hytx6wv4Gj6B6c9CWw8EDufcSy5fmHCmjed9ObmV1bX1jfymu7W9s7tX2D+413GqKNRozGPVCIkGziTUDDMcGokCIkIO9bB/PenrA1CaxfLODBNoCdKVrMMoMTYKRmYUcI5Fu/5QbheKXsmbCi8bf26KaK5qu/AdRDFNBUhDOdG66XuJaWVEGUY5jN0g1ZAQ2iddaForiQDdyqY3j/GJTSLciZV90uBp+nsjI0LroQjtpCCmpxe7Sfhf10xN56KVMZmkBiSdfdRJOTYxngDAEVNADR9aQ6hi9lZMe0QRaiwm1w0kPNJYCCKjLBgMgI6zIJURqAnhsWsh+YtIlk2tXLos+bdnxcrVnFYeHaFjdIp8dI4q6AZVUQ1RlKBn9IJenSfnzXl3PmajOWe+c4j+yPn8AVXRnrQ=</latexit><latexit sha1_base64="WAnuVrUwhucInB+RY5REptrGFgE=">AAACEnicbZDNSgMxFIUz9a+Of1WXboJFcFVmiqDuim5cVrC20Kklk7ltQ5PMkGQqZdrH0K2+hytx6wv4Gj6B6c9CWw8EDufcSy5fmHCmjed9ObmV1bX1jfymu7W9s7tX2D+413GqKNRozGPVCIkGziTUDDMcGokCIkIO9bB/PenrA1CaxfLODBNoCdKVrMMoMTYKRmYUcI5Fu/5QbheKXsmbCi8bf26KaK5qu/AdRDFNBUhDOdG66XuJaWVEGUY5jN0g1ZAQ2iddaForiQDdyqY3j/GJTSLciZV90uBp+nsjI0LroQjtpCCmpxe7Sfhf10xN56KVMZmkBiSdfdRJOTYxngDAEVNADR9aQ6hi9lZMe0QRaiwm1w0kPNJYCCKjLBgMgI6zIJURqAnhsWsh+YtIlk2tXLos+bdnxcrVnFYeHaFjdIp8dI4q6AZVUQ1RlKBn9IJenSfnzXl3PmajOWe+c4j+yPn8AVXRnrQ=</latexit><latexit sha1_base64="WAnuVrUwhucInB+RY5REptrGFgE=">AAACEnicbZDNSgMxFIUz9a+Of1WXboJFcFVmiqDuim5cVrC20Kklk7ltQ5PMkGQqZdrH0K2+hytx6wv4Gj6B6c9CWw8EDufcSy5fmHCmjed9ObmV1bX1jfymu7W9s7tX2D+413GqKNRozGPVCIkGziTUDDMcGokCIkIO9bB/PenrA1CaxfLODBNoCdKVrMMoMTYKRmYUcI5Fu/5QbheKXsmbCi8bf26KaK5qu/AdRDFNBUhDOdG66XuJaWVEGUY5jN0g1ZAQ2iddaForiQDdyqY3j/GJTSLciZV90uBp+nsjI0LroQjtpCCmpxe7Sfhf10xN56KVMZmkBiSdfdRJOTYxngDAEVNADR9aQ6hi9lZMe0QRaiwm1w0kPNJYCCKjLBgMgI6zIJURqAnhsWsh+YtIlk2tXLos+bdnxcrVnFYeHaFjdIp8dI4q6AZVUQ1RlKBn9IJenSfnzXl3PmajOWe+c4j+yPn8AVXRnrQ=</latexit><latexit sha1_base64="WAnuVrUwhucInB+RY5REptrGFgE=">AAACEnicbZDNSgMxFIUz9a+Of1WXboJFcFVmiqDuim5cVrC20Kklk7ltQ5PMkGQqZdrH0K2+hytx6wv4Gj6B6c9CWw8EDufcSy5fmHCmjed9ObmV1bX1jfymu7W9s7tX2D+413GqKNRozGPVCIkGziTUDDMcGokCIkIO9bB/PenrA1CaxfLODBNoCdKVrMMoMTYKRmYUcI5Fu/5QbheKXsmbCi8bf26KaK5qu/AdRDFNBUhDOdG66XuJaWVEGUY5jN0g1ZAQ2iddaForiQDdyqY3j/GJTSLciZV90uBp+nsjI0LroQjtpCCmpxe7Sfhf10xN56KVMZmkBiSdfdRJOTYxngDAEVNADR9aQ6hi9lZMe0QRaiwm1w0kPNJYCCKjLBgMgI6zIJURqAnhsWsh+YtIlk2tXLos+bdnxcrVnFYeHaFjdIp8dI4q6AZVUQ1RlKBn9IJenSfnzXl3PmajOWe+c4j+yPn8AVXRnrQ=</latexit>

µ
<latexit sha1_base64="JAUiNNIFc2QjVlJpYY4S4OW0At0=">AAACCXicbVDLSsNAFJ34rPFVdekmWARXJRFB3RXduKxobaEpZTK5bYfOTMI8KiXkD3Sr/+FK3PoV/oZf4KTtQlsPXDiccy/33hOljCrt+1/O0vLK6tp6acPd3Nre2S3v7T+oxEgCDZKwRLYirIBRAQ1NNYNWKgHziEEzGl4XfnMEUtFE3OtxCh2O+4L2KMHaSnchN91yxa/6E3iLJJiRCpqh3i1/h3FCDAehCcNKtQM/1Z0MS00Jg9wNjYIUkyHuQ9tSgTmoTjY5NfeOrRJ7vUTaEtqbqL8nMsyVGvPIdnKsB2reK8T/vLbRvYtORkVqNAgyXdQzzNOJV/ztxVQC0WxsCSaS2ls9MsASE23Tcd1QwCNJOMcizsLRCEiehUbEIItgc9eGFMxHskgap9XLanB7VqldzdIqoUN0hE5QgM5RDd2gOmoggvroGb2gV+fJeXPenY9p65IzmzlAf+B8/gCuNpsl</latexit><latexit sha1_base64="JAUiNNIFc2QjVlJpYY4S4OW0At0=">AAACCXicbVDLSsNAFJ34rPFVdekmWARXJRFB3RXduKxobaEpZTK5bYfOTMI8KiXkD3Sr/+FK3PoV/oZf4KTtQlsPXDiccy/33hOljCrt+1/O0vLK6tp6acPd3Nre2S3v7T+oxEgCDZKwRLYirIBRAQ1NNYNWKgHziEEzGl4XfnMEUtFE3OtxCh2O+4L2KMHaSnchN91yxa/6E3iLJJiRCpqh3i1/h3FCDAehCcNKtQM/1Z0MS00Jg9wNjYIUkyHuQ9tSgTmoTjY5NfeOrRJ7vUTaEtqbqL8nMsyVGvPIdnKsB2reK8T/vLbRvYtORkVqNAgyXdQzzNOJV/ztxVQC0WxsCSaS2ls9MsASE23Tcd1QwCNJOMcizsLRCEiehUbEIItgc9eGFMxHskgap9XLanB7VqldzdIqoUN0hE5QgM5RDd2gOmoggvroGb2gV+fJeXPenY9p65IzmzlAf+B8/gCuNpsl</latexit><latexit sha1_base64="JAUiNNIFc2QjVlJpYY4S4OW0At0=">AAACCXicbVDLSsNAFJ34rPFVdekmWARXJRFB3RXduKxobaEpZTK5bYfOTMI8KiXkD3Sr/+FK3PoV/oZf4KTtQlsPXDiccy/33hOljCrt+1/O0vLK6tp6acPd3Nre2S3v7T+oxEgCDZKwRLYirIBRAQ1NNYNWKgHziEEzGl4XfnMEUtFE3OtxCh2O+4L2KMHaSnchN91yxa/6E3iLJJiRCpqh3i1/h3FCDAehCcNKtQM/1Z0MS00Jg9wNjYIUkyHuQ9tSgTmoTjY5NfeOrRJ7vUTaEtqbqL8nMsyVGvPIdnKsB2reK8T/vLbRvYtORkVqNAgyXdQzzNOJV/ztxVQC0WxsCSaS2ls9MsASE23Tcd1QwCNJOMcizsLRCEiehUbEIItgc9eGFMxHskgap9XLanB7VqldzdIqoUN0hE5QgM5RDd2gOmoggvroGb2gV+fJeXPenY9p65IzmzlAf+B8/gCuNpsl</latexit><latexit sha1_base64="JAUiNNIFc2QjVlJpYY4S4OW0At0=">AAACCXicbVDLSsNAFJ34rPFVdekmWARXJRFB3RXduKxobaEpZTK5bYfOTMI8KiXkD3Sr/+FK3PoV/oZf4KTtQlsPXDiccy/33hOljCrt+1/O0vLK6tp6acPd3Nre2S3v7T+oxEgCDZKwRLYirIBRAQ1NNYNWKgHziEEzGl4XfnMEUtFE3OtxCh2O+4L2KMHaSnchN91yxa/6E3iLJJiRCpqh3i1/h3FCDAehCcNKtQM/1Z0MS00Jg9wNjYIUkyHuQ9tSgTmoTjY5NfeOrRJ7vUTaEtqbqL8nMsyVGvPIdnKsB2reK8T/vLbRvYtORkVqNAgyXdQzzNOJV/ztxVQC0WxsCSaS2ls9MsASE23Tcd1QwCNJOMcizsLRCEiehUbEIItgc9eGFMxHskgap9XLanB7VqldzdIqoUN0hE5QgM5RDd2gOmoggvroGb2gV+fJeXPenY9p65IzmzlAf+B8/gCuNpsl</latexit>

�̄e
<latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit><latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit><latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit><latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit>

e
<latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit><latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit><latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit><latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit>

�µ
<latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="AN4ZsCOb3BkEC4bwyZbdoZU1wHg=">AAAB+HicbZBPS8MwGMbT+W/WqfPsJTgET6P1ot4ELx4nWDdYy0jTt1tYkpYknYzSu3j1e3gSv4tfw09guu2gmw8EHp4n4X3zi3POtPG8L6extb2zu9fcdw9a7uHRcbv1pLNCUQhoxjM1iIkGziQEhhkOg1wBETGHfjy9q/v+DJRmmXw08xwiQcaSpYwSY6PeqN3xut5CeNP4K9NBK43a32GS0UKANJQTrYe+l5uoJMowyqFyw0JDTuiUjGForSQCdFQu1qzwuU0SnGbKHmnwIv39oiRC67mI7U1BzESvd3X4XzcsTHodlUzmhQFJl4PSgmOT4frPOGEKqOFzawhVzO6K6YQoQo0l47qhhGeaCUFkUoazGdCqDAuZgKqhVq5l5K8T2TTBZfem6z94qIlO0Rm6QD66QrfoHvVQgChK0Ct6c16cd+djibLhrJieoD9yPn8AraSXaA==</latexit><latexit sha1_base64="FqubYECA4q0kmS5A1UVjgyt+h5o=">AAACAnicbZDNSgMxFIXv1L86Vq1u3QwWwVWZcaPuBDcuK1hb6JSSydy2oUlmyE+lDH0H3ep7uBLfw9fwCUx/Ftp6IHA4J+HefEnOmTZh+OWVNja3tnfKu/5eZf/gsHpUedSZVRSbNOOZaidEI2cSm4YZju1cIREJx1Yyup31rTEqzTL5YCY5dgUZSNZnlBgXtWJpe7GwvWotrIdzBesmWpoaLNXoVb/jNKNWoDSUE607UZibbkGUYZTj1I+txpzQERlgx1lJBOpuMV93Gpy5JA36mXJHmmCe/n5REKH1RCTupiBmqFe7Wfhf17Gmf9UtmMytQUkXg/qWByYLZn8PUqaQGj5xhlDF3K4BHRJFqHGEfD+W+EQzIYhMi3g8RjotYitTVDO4U99BilaRrJvmRf26Ht2HUIYTOIVziOASbuAOGtAECiN4gVd48569d+9jQbPkLbEewx95nz8t1Ztz</latexit><latexit sha1_base64="FqubYECA4q0kmS5A1UVjgyt+h5o=">AAACAnicbZDNSgMxFIXv1L86Vq1u3QwWwVWZcaPuBDcuK1hb6JSSydy2oUlmyE+lDH0H3ep7uBLfw9fwCUx/Ftp6IHA4J+HefEnOmTZh+OWVNja3tnfKu/5eZf/gsHpUedSZVRSbNOOZaidEI2cSm4YZju1cIREJx1Yyup31rTEqzTL5YCY5dgUZSNZnlBgXtWJpe7GwvWotrIdzBesmWpoaLNXoVb/jNKNWoDSUE607UZibbkGUYZTj1I+txpzQERlgx1lJBOpuMV93Gpy5JA36mXJHmmCe/n5REKH1RCTupiBmqFe7Wfhf17Gmf9UtmMytQUkXg/qWByYLZn8PUqaQGj5xhlDF3K4BHRJFqHGEfD+W+EQzIYhMi3g8RjotYitTVDO4U99BilaRrJvmRf26Ht2HUIYTOIVziOASbuAOGtAECiN4gVd48569d+9jQbPkLbEewx95nz8t1Ztz</latexit><latexit sha1_base64="OzTWEa/Qxvw3Qc2K1fJpLruMx9Q=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokbdVd047KCtUITymRy0w6dmYR5VEroP+hW/8OVuPUb/A2/wEnbhbYeuHA4517uvSfOGVXa97+cysrq2vpGddPd2t7Z3avtH9yrzEgCbZKxTD7EWAGjAtqaagYPuQTMYwadeHhd+p0RSEUzcafHOUQc9wVNKcHaSp1QmF7ITa9W9xv+FN4yCeakjuZo9WrfYZIRw0FowrBS3cDPdVRgqSlhMHFDoyDHZIj70LVUYA4qKqbnTrwTqyRemklbQntT9fdEgblSYx7bTo71QC16pfif1zU6vYgKKnKjQZDZotQwT2de+buXUAlEs7ElmEhqb/XIAEtMtE3IdUMBjyTjHIukCEcjIJMiNCIBWYY7cW1IwWIky6R91rhsBLd+vXk1T6uKjtAxOkUBOkdNdINaqI0IGqJn9IJenSfnzXl3PmatFWc+c4j+wPn8Ae4knOc=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit>

µ
<latexit sha1_base64="JAUiNNIFc2QjVlJpYY4S4OW0At0=">AAACCXicbVDLSsNAFJ34rPFVdekmWARXJRFB3RXduKxobaEpZTK5bYfOTMI8KiXkD3Sr/+FK3PoV/oZf4KTtQlsPXDiccy/33hOljCrt+1/O0vLK6tp6acPd3Nre2S3v7T+oxEgCDZKwRLYirIBRAQ1NNYNWKgHziEEzGl4XfnMEUtFE3OtxCh2O+4L2KMHaSnchN91yxa/6E3iLJJiRCpqh3i1/h3FCDAehCcNKtQM/1Z0MS00Jg9wNjYIUkyHuQ9tSgTmoTjY5NfeOrRJ7vUTaEtqbqL8nMsyVGvPIdnKsB2reK8T/vLbRvYtORkVqNAgyXdQzzNOJV/ztxVQC0WxsCSaS2ls9MsASE23Tcd1QwCNJOMcizsLRCEiehUbEIItgc9eGFMxHskgap9XLanB7VqldzdIqoUN0hE5QgM5RDd2gOmoggvroGb2gV+fJeXPenY9p65IzmzlAf+B8/gCuNpsl</latexit><latexit sha1_base64="JAUiNNIFc2QjVlJpYY4S4OW0At0=">AAACCXicbVDLSsNAFJ34rPFVdekmWARXJRFB3RXduKxobaEpZTK5bYfOTMI8KiXkD3Sr/+FK3PoV/oZf4KTtQlsPXDiccy/33hOljCrt+1/O0vLK6tp6acPd3Nre2S3v7T+oxEgCDZKwRLYirIBRAQ1NNYNWKgHziEEzGl4XfnMEUtFE3OtxCh2O+4L2KMHaSnchN91yxa/6E3iLJJiRCpqh3i1/h3FCDAehCcNKtQM/1Z0MS00Jg9wNjYIUkyHuQ9tSgTmoTjY5NfeOrRJ7vUTaEtqbqL8nMsyVGvPIdnKsB2reK8T/vLbRvYtORkVqNAgyXdQzzNOJV/ztxVQC0WxsCSaS2ls9MsASE23Tcd1QwCNJOMcizsLRCEiehUbEIItgc9eGFMxHskgap9XLanB7VqldzdIqoUN0hE5QgM5RDd2gOmoggvroGb2gV+fJeXPenY9p65IzmzlAf+B8/gCuNpsl</latexit><latexit sha1_base64="JAUiNNIFc2QjVlJpYY4S4OW0At0=">AAACCXicbVDLSsNAFJ34rPFVdekmWARXJRFB3RXduKxobaEpZTK5bYfOTMI8KiXkD3Sr/+FK3PoV/oZf4KTtQlsPXDiccy/33hOljCrt+1/O0vLK6tp6acPd3Nre2S3v7T+oxEgCDZKwRLYirIBRAQ1NNYNWKgHziEEzGl4XfnMEUtFE3OtxCh2O+4L2KMHaSnchN91yxa/6E3iLJJiRCpqh3i1/h3FCDAehCcNKtQM/1Z0MS00Jg9wNjYIUkyHuQ9tSgTmoTjY5NfeOrRJ7vUTaEtqbqL8nMsyVGvPIdnKsB2reK8T/vLbRvYtORkVqNAgyXdQzzNOJV/ztxVQC0WxsCSaS2ls9MsASE23Tcd1QwCNJOMcizsLRCEiehUbEIItgc9eGFMxHskgap9XLanB7VqldzdIqoUN0hE5QgM5RDd2gOmoggvroGb2gV+fJeXPenY9p65IzmzlAf+B8/gCuNpsl</latexit><latexit sha1_base64="JAUiNNIFc2QjVlJpYY4S4OW0At0=">AAACCXicbVDLSsNAFJ34rPFVdekmWARXJRFB3RXduKxobaEpZTK5bYfOTMI8KiXkD3Sr/+FK3PoV/oZf4KTtQlsPXDiccy/33hOljCrt+1/O0vLK6tp6acPd3Nre2S3v7T+oxEgCDZKwRLYirIBRAQ1NNYNWKgHziEEzGl4XfnMEUtFE3OtxCh2O+4L2KMHaSnchN91yxa/6E3iLJJiRCpqh3i1/h3FCDAehCcNKtQM/1Z0MS00Jg9wNjYIUkyHuQ9tSgTmoTjY5NfeOrRJ7vUTaEtqbqL8nMsyVGvPIdnKsB2reK8T/vLbRvYtORkVqNAgyXdQzzNOJV/ztxVQC0WxsCSaS2ls9MsASE23Tcd1QwCNJOMcizsLRCEiehUbEIItgc9eGFMxHskgap9XLanB7VqldzdIqoUN0hE5QgM5RDd2gOmoggvroGb2gV+fJeXPenY9p65IzmzlAf+B8/gCuNpsl</latexit>

�̄e
<latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit><latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit><latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit><latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit>

e
<latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit><latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit><latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit><latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit>

�µ
<latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="AN4ZsCOb3BkEC4bwyZbdoZU1wHg=">AAAB+HicbZBPS8MwGMbT+W/WqfPsJTgET6P1ot4ELx4nWDdYy0jTt1tYkpYknYzSu3j1e3gSv4tfw09guu2gmw8EHp4n4X3zi3POtPG8L6extb2zu9fcdw9a7uHRcbv1pLNCUQhoxjM1iIkGziQEhhkOg1wBETGHfjy9q/v+DJRmmXw08xwiQcaSpYwSY6PeqN3xut5CeNP4K9NBK43a32GS0UKANJQTrYe+l5uoJMowyqFyw0JDTuiUjGForSQCdFQu1qzwuU0SnGbKHmnwIv39oiRC67mI7U1BzESvd3X4XzcsTHodlUzmhQFJl4PSgmOT4frPOGEKqOFzawhVzO6K6YQoQo0l47qhhGeaCUFkUoazGdCqDAuZgKqhVq5l5K8T2TTBZfem6z94qIlO0Rm6QD66QrfoHvVQgChK0Ct6c16cd+djibLhrJieoD9yPn8AraSXaA==</latexit><latexit sha1_base64="FqubYECA4q0kmS5A1UVjgyt+h5o=">AAACAnicbZDNSgMxFIXv1L86Vq1u3QwWwVWZcaPuBDcuK1hb6JSSydy2oUlmyE+lDH0H3ep7uBLfw9fwCUx/Ftp6IHA4J+HefEnOmTZh+OWVNja3tnfKu/5eZf/gsHpUedSZVRSbNOOZaidEI2cSm4YZju1cIREJx1Yyup31rTEqzTL5YCY5dgUZSNZnlBgXtWJpe7GwvWotrIdzBesmWpoaLNXoVb/jNKNWoDSUE607UZibbkGUYZTj1I+txpzQERlgx1lJBOpuMV93Gpy5JA36mXJHmmCe/n5REKH1RCTupiBmqFe7Wfhf17Gmf9UtmMytQUkXg/qWByYLZn8PUqaQGj5xhlDF3K4BHRJFqHGEfD+W+EQzIYhMi3g8RjotYitTVDO4U99BilaRrJvmRf26Ht2HUIYTOIVziOASbuAOGtAECiN4gVd48569d+9jQbPkLbEewx95nz8t1Ztz</latexit><latexit sha1_base64="FqubYECA4q0kmS5A1UVjgyt+h5o=">AAACAnicbZDNSgMxFIXv1L86Vq1u3QwWwVWZcaPuBDcuK1hb6JSSydy2oUlmyE+lDH0H3ep7uBLfw9fwCUx/Ftp6IHA4J+HefEnOmTZh+OWVNja3tnfKu/5eZf/gsHpUedSZVRSbNOOZaidEI2cSm4YZju1cIREJx1Yyup31rTEqzTL5YCY5dgUZSNZnlBgXtWJpe7GwvWotrIdzBesmWpoaLNXoVb/jNKNWoDSUE607UZibbkGUYZTj1I+txpzQERlgx1lJBOpuMV93Gpy5JA36mXJHmmCe/n5REKH1RCTupiBmqFe7Wfhf17Gmf9UtmMytQUkXg/qWByYLZn8PUqaQGj5xhlDF3K4BHRJFqHGEfD+W+EQzIYhMi3g8RjotYitTVDO4U99BilaRrJvmRf26Ht2HUIYTOIVziOASbuAOGtAECiN4gVd48569d+9jQbPkLbEewx95nz8t1Ztz</latexit><latexit sha1_base64="OzTWEa/Qxvw3Qc2K1fJpLruMx9Q=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokbdVd047KCtUITymRy0w6dmYR5VEroP+hW/8OVuPUb/A2/wEnbhbYeuHA4517uvSfOGVXa97+cysrq2vpGddPd2t7Z3avtH9yrzEgCbZKxTD7EWAGjAtqaagYPuQTMYwadeHhd+p0RSEUzcafHOUQc9wVNKcHaSp1QmF7ITa9W9xv+FN4yCeakjuZo9WrfYZIRw0FowrBS3cDPdVRgqSlhMHFDoyDHZIj70LVUYA4qKqbnTrwTqyRemklbQntT9fdEgblSYx7bTo71QC16pfif1zU6vYgKKnKjQZDZotQwT2de+buXUAlEs7ElmEhqb/XIAEtMtE3IdUMBjyTjHIukCEcjIJMiNCIBWYY7cW1IwWIky6R91rhsBLd+vXk1T6uKjtAxOkUBOkdNdINaqI0IGqJn9IJenSfnzXl3PmatFWc+c4j+wPn8Ae4knOc=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit>

data effective field 
theory interpretation

Effective theory
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<latexit sha1_base64="Dh6o/Zj8nRpd1p1lV3BHawGuA+Y="></latexit><latexit sha1_base64="Dh6o/Zj8nRpd1p1lV3BHawGuA+Y="></latexit><latexit sha1_base64="Dh6o/Zj8nRpd1p1lV3BHawGuA+Y="></latexit><latexit sha1_base64="Dh6o/Zj8nRpd1p1lV3BHawGuA+Y="></latexit>

� � 1

m2
W

�
<latexit sha1_base64="LR7PHC1pU+90cYbrVogGdHU8pM4="></latexit><latexit sha1_base64="LR7PHC1pU+90cYbrVogGdHU8pM4="></latexit><latexit sha1_base64="LR7PHC1pU+90cYbrVogGdHU8pM4="></latexit><latexit sha1_base64="AN4ZsCOb3BkEC4bwyZbdoZU1wHg=">AAAB+HicbZBPS8MwGMbT+W/WqfPsJTgET6P1ot4ELx4nWDdYy0jTt1tYkpYknYzSu3j1e3gSv4tfw09guu2gmw8EHp4n4X3zi3POtPG8L6extb2zu9fcdw9a7uHRcbv1pLNCUQhoxjM1iIkGziQEhhkOg1wBETGHfjy9q/v+DJRmmXw08xwiQcaSpYwSY6PeqN3xut5CeNP4K9NBK43a32GS0UKANJQTrYe+l5uoJMowyqFyw0JDTuiUjGForSQCdFQu1qzwuU0SnGbKHmnwIv39oiRC67mI7U1BzESvd3X4XzcsTHodlUzmhQFJl4PSgmOT4frPOGEKqOFzawhVzO6K6YQoQo0l47qhhGeaCUFkUoazGdCqDAuZgKqhVq5l5K8T2TTBZfem6z94qIlO0Rm6QD66QrfoHvVQgChK0Ct6c16cd+djibLhrJieoD9yPn8AraSXaA==</latexit><latexit sha1_base64="CFgfjUjOss4dpQa37aHFoEhAqGE=">AAACGXicbZC7TsMwFIZPuBNuhRUGC4TEQpWwABsSC2ORKEVqSuU4p2DhS7CdoirKwsvACu/BhBh4DZ4At3Tg9kuWfv3/sY79pbng1kXRezAxOTU9Mzs3Hy4sLi2v1FYXz60uDMMm00Kbi5RaFFxh03En8CI3SGUqsJXeHA/7Vh+N5VqduUGOHUmvFO9xRp2PurWNxHKJt2S3jBPtB4nsti73qsT51HZrW1E9Gon8NfHYbMFYjW7tI8k0KyQqxwS1th1HueuU1DjOBFZhUljMKbuhV9j2VlG/pFOOflGRbZ9kpKeNP8qRUfr9RkmltQOZ+klJ3bX93Q3D/7p24XoHnZKrvHCo2NeiXiGI02SIhGTcIHNi4A1lhvu3EnZNDWXOgwvDROEd01JSlZVJv4+sKpNCZWiGzKvQQ4p/I/lrmnv1w3p8GsEcrMMm7EAM+3AEJ9CAJjC4h0d4gufgIXgJXr9oTgRjrGvwQ8HbJyIBo90=</latexit><latexit sha1_base64="CFgfjUjOss4dpQa37aHFoEhAqGE=">AAACGXicbZC7TsMwFIZPuBNuhRUGC4TEQpWwABsSC2ORKEVqSuU4p2DhS7CdoirKwsvACu/BhBh4DZ4At3Tg9kuWfv3/sY79pbng1kXRezAxOTU9Mzs3Hy4sLi2v1FYXz60uDMMm00Kbi5RaFFxh03En8CI3SGUqsJXeHA/7Vh+N5VqduUGOHUmvFO9xRp2PurWNxHKJt2S3jBPtB4nsti73qsT51HZrW1E9Gon8NfHYbMFYjW7tI8k0KyQqxwS1th1HueuU1DjOBFZhUljMKbuhV9j2VlG/pFOOflGRbZ9kpKeNP8qRUfr9RkmltQOZ+klJ3bX93Q3D/7p24XoHnZKrvHCo2NeiXiGI02SIhGTcIHNi4A1lhvu3EnZNDWXOgwvDROEd01JSlZVJv4+sKpNCZWiGzKvQQ4p/I/lrmnv1w3p8GsEcrMMm7EAM+3AEJ9CAJjC4h0d4gufgIXgJXr9oTgRjrGvwQ8HbJyIBo90=</latexit><latexit sha1_base64="SJS8YapeHUdDJVW8cECulgJCrn0="></latexit><latexit sha1_base64="LR7PHC1pU+90cYbrVogGdHU8pM4="></latexit><latexit sha1_base64="LR7PHC1pU+90cYbrVogGdHU8pM4="></latexit><latexit sha1_base64="LR7PHC1pU+90cYbrVogGdHU8pM4="></latexit><latexit sha1_base64="LR7PHC1pU+90cYbrVogGdHU8pM4="></latexit><latexit sha1_base64="LR7PHC1pU+90cYbrVogGdHU8pM4="></latexit><latexit sha1_base64="LR7PHC1pU+90cYbrVogGdHU8pM4="></latexit>

Weak decay
|t| � m2

W
<latexit sha1_base64="WAnuVrUwhucInB+RY5REptrGFgE=">AAACEnicbZDNSgMxFIUz9a+Of1WXboJFcFVmiqDuim5cVrC20Kklk7ltQ5PMkGQqZdrH0K2+hytx6wv4Gj6B6c9CWw8EDufcSy5fmHCmjed9ObmV1bX1jfymu7W9s7tX2D+413GqKNRozGPVCIkGziTUDDMcGokCIkIO9bB/PenrA1CaxfLODBNoCdKVrMMoMTYKRmYUcI5Fu/5QbheKXsmbCi8bf26KaK5qu/AdRDFNBUhDOdG66XuJaWVEGUY5jN0g1ZAQ2iddaForiQDdyqY3j/GJTSLciZV90uBp+nsjI0LroQjtpCCmpxe7Sfhf10xN56KVMZmkBiSdfdRJOTYxngDAEVNADR9aQ6hi9lZMe0QRaiwm1w0kPNJYCCKjLBgMgI6zIJURqAnhsWsh+YtIlk2tXLos+bdnxcrVnFYeHaFjdIp8dI4q6AZVUQ1RlKBn9IJenSfnzXl3PmajOWe+c4j+yPn8AVXRnrQ=</latexit><latexit sha1_base64="WAnuVrUwhucInB+RY5REptrGFgE=">AAACEnicbZDNSgMxFIUz9a+Of1WXboJFcFVmiqDuim5cVrC20Kklk7ltQ5PMkGQqZdrH0K2+hytx6wv4Gj6B6c9CWw8EDufcSy5fmHCmjed9ObmV1bX1jfymu7W9s7tX2D+413GqKNRozGPVCIkGziTUDDMcGokCIkIO9bB/PenrA1CaxfLODBNoCdKVrMMoMTYKRmYUcI5Fu/5QbheKXsmbCi8bf26KaK5qu/AdRDFNBUhDOdG66XuJaWVEGUY5jN0g1ZAQ2iddaForiQDdyqY3j/GJTSLciZV90uBp+nsjI0LroQjtpCCmpxe7Sfhf10xN56KVMZmkBiSdfdRJOTYxngDAEVNADR9aQ6hi9lZMe0QRaiwm1w0kPNJYCCKjLBgMgI6zIJURqAnhsWsh+YtIlk2tXLos+bdnxcrVnFYeHaFjdIp8dI4q6AZVUQ1RlKBn9IJenSfnzXl3PmajOWe+c4j+yPn8AVXRnrQ=</latexit><latexit sha1_base64="WAnuVrUwhucInB+RY5REptrGFgE=">AAACEnicbZDNSgMxFIUz9a+Of1WXboJFcFVmiqDuim5cVrC20Kklk7ltQ5PMkGQqZdrH0K2+hytx6wv4Gj6B6c9CWw8EDufcSy5fmHCmjed9ObmV1bX1jfymu7W9s7tX2D+413GqKNRozGPVCIkGziTUDDMcGokCIkIO9bB/PenrA1CaxfLODBNoCdKVrMMoMTYKRmYUcI5Fu/5QbheKXsmbCi8bf26KaK5qu/AdRDFNBUhDOdG66XuJaWVEGUY5jN0g1ZAQ2iddaForiQDdyqY3j/GJTSLciZV90uBp+nsjI0LroQjtpCCmpxe7Sfhf10xN56KVMZmkBiSdfdRJOTYxngDAEVNADR9aQ6hi9lZMe0QRaiwm1w0kPNJYCCKjLBgMgI6zIJURqAnhsWsh+YtIlk2tXLos+bdnxcrVnFYeHaFjdIp8dI4q6AZVUQ1RlKBn9IJenSfnzXl3PmajOWe+c4j+yPn8AVXRnrQ=</latexit><latexit sha1_base64="WAnuVrUwhucInB+RY5REptrGFgE=">AAACEnicbZDNSgMxFIUz9a+Of1WXboJFcFVmiqDuim5cVrC20Kklk7ltQ5PMkGQqZdrH0K2+hytx6wv4Gj6B6c9CWw8EDufcSy5fmHCmjed9ObmV1bX1jfymu7W9s7tX2D+413GqKNRozGPVCIkGziTUDDMcGokCIkIO9bB/PenrA1CaxfLODBNoCdKVrMMoMTYKRmYUcI5Fu/5QbheKXsmbCi8bf26KaK5qu/AdRDFNBUhDOdG66XuJaWVEGUY5jN0g1ZAQ2iddaForiQDdyqY3j/GJTSLciZV90uBp+nsjI0LroQjtpCCmpxe7Sfhf10xN56KVMZmkBiSdfdRJOTYxngDAEVNADR9aQ6hi9lZMe0QRaiwm1w0kPNJYCCKjLBgMgI6zIJURqAnhsWsh+YtIlk2tXLos+bdnxcrVnFYeHaFjdIp8dI4q6AZVUQ1RlKBn9IJenSfnzXl3PmajOWe+c4j+yPn8AVXRnrQ=</latexit>

µ
<latexit sha1_base64="JAUiNNIFc2QjVlJpYY4S4OW0At0=">AAACCXicbVDLSsNAFJ34rPFVdekmWARXJRFB3RXduKxobaEpZTK5bYfOTMI8KiXkD3Sr/+FK3PoV/oZf4KTtQlsPXDiccy/33hOljCrt+1/O0vLK6tp6acPd3Nre2S3v7T+oxEgCDZKwRLYirIBRAQ1NNYNWKgHziEEzGl4XfnMEUtFE3OtxCh2O+4L2KMHaSnchN91yxa/6E3iLJJiRCpqh3i1/h3FCDAehCcNKtQM/1Z0MS00Jg9wNjYIUkyHuQ9tSgTmoTjY5NfeOrRJ7vUTaEtqbqL8nMsyVGvPIdnKsB2reK8T/vLbRvYtORkVqNAgyXdQzzNOJV/ztxVQC0WxsCSaS2ls9MsASE23Tcd1QwCNJOMcizsLRCEiehUbEIItgc9eGFMxHskgap9XLanB7VqldzdIqoUN0hE5QgM5RDd2gOmoggvroGb2gV+fJeXPenY9p65IzmzlAf+B8/gCuNpsl</latexit><latexit sha1_base64="JAUiNNIFc2QjVlJpYY4S4OW0At0=">AAACCXicbVDLSsNAFJ34rPFVdekmWARXJRFB3RXduKxobaEpZTK5bYfOTMI8KiXkD3Sr/+FK3PoV/oZf4KTtQlsPXDiccy/33hOljCrt+1/O0vLK6tp6acPd3Nre2S3v7T+oxEgCDZKwRLYirIBRAQ1NNYNWKgHziEEzGl4XfnMEUtFE3OtxCh2O+4L2KMHaSnchN91yxa/6E3iLJJiRCpqh3i1/h3FCDAehCcNKtQM/1Z0MS00Jg9wNjYIUkyHuQ9tSgTmoTjY5NfeOrRJ7vUTaEtqbqL8nMsyVGvPIdnKsB2reK8T/vLbRvYtORkVqNAgyXdQzzNOJV/ztxVQC0WxsCSaS2ls9MsASE23Tcd1QwCNJOMcizsLRCEiehUbEIItgc9eGFMxHskgap9XLanB7VqldzdIqoUN0hE5QgM5RDd2gOmoggvroGb2gV+fJeXPenY9p65IzmzlAf+B8/gCuNpsl</latexit><latexit sha1_base64="JAUiNNIFc2QjVlJpYY4S4OW0At0=">AAACCXicbVDLSsNAFJ34rPFVdekmWARXJRFB3RXduKxobaEpZTK5bYfOTMI8KiXkD3Sr/+FK3PoV/oZf4KTtQlsPXDiccy/33hOljCrt+1/O0vLK6tp6acPd3Nre2S3v7T+oxEgCDZKwRLYirIBRAQ1NNYNWKgHziEEzGl4XfnMEUtFE3OtxCh2O+4L2KMHaSnchN91yxa/6E3iLJJiRCpqh3i1/h3FCDAehCcNKtQM/1Z0MS00Jg9wNjYIUkyHuQ9tSgTmoTjY5NfeOrRJ7vUTaEtqbqL8nMsyVGvPIdnKsB2reK8T/vLbRvYtORkVqNAgyXdQzzNOJV/ztxVQC0WxsCSaS2ls9MsASE23Tcd1QwCNJOMcizsLRCEiehUbEIItgc9eGFMxHskgap9XLanB7VqldzdIqoUN0hE5QgM5RDd2gOmoggvroGb2gV+fJeXPenY9p65IzmzlAf+B8/gCuNpsl</latexit><latexit sha1_base64="JAUiNNIFc2QjVlJpYY4S4OW0At0=">AAACCXicbVDLSsNAFJ34rPFVdekmWARXJRFB3RXduKxobaEpZTK5bYfOTMI8KiXkD3Sr/+FK3PoV/oZf4KTtQlsPXDiccy/33hOljCrt+1/O0vLK6tp6acPd3Nre2S3v7T+oxEgCDZKwRLYirIBRAQ1NNYNWKgHziEEzGl4XfnMEUtFE3OtxCh2O+4L2KMHaSnchN91yxa/6E3iLJJiRCpqh3i1/h3FCDAehCcNKtQM/1Z0MS00Jg9wNjYIUkyHuQ9tSgTmoTjY5NfeOrRJ7vUTaEtqbqL8nMsyVGvPIdnKsB2reK8T/vLbRvYtORkVqNAgyXdQzzNOJV/ztxVQC0WxsCSaS2ls9MsASE23Tcd1QwCNJOMcizsLRCEiehUbEIItgc9eGFMxHskgap9XLanB7VqldzdIqoUN0hE5QgM5RDd2gOmoggvroGb2gV+fJeXPenY9p65IzmzlAf+B8/gCuNpsl</latexit>

�̄e
<latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit><latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit><latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit><latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit>

e
<latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit><latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit><latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit><latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit>

�µ
<latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="AN4ZsCOb3BkEC4bwyZbdoZU1wHg=">AAAB+HicbZBPS8MwGMbT+W/WqfPsJTgET6P1ot4ELx4nWDdYy0jTt1tYkpYknYzSu3j1e3gSv4tfw09guu2gmw8EHp4n4X3zi3POtPG8L6extb2zu9fcdw9a7uHRcbv1pLNCUQhoxjM1iIkGziQEhhkOg1wBETGHfjy9q/v+DJRmmXw08xwiQcaSpYwSY6PeqN3xut5CeNP4K9NBK43a32GS0UKANJQTrYe+l5uoJMowyqFyw0JDTuiUjGForSQCdFQu1qzwuU0SnGbKHmnwIv39oiRC67mI7U1BzESvd3X4XzcsTHodlUzmhQFJl4PSgmOT4frPOGEKqOFzawhVzO6K6YQoQo0l47qhhGeaCUFkUoazGdCqDAuZgKqhVq5l5K8T2TTBZfem6z94qIlO0Rm6QD66QrfoHvVQgChK0Ct6c16cd+djibLhrJieoD9yPn8AraSXaA==</latexit><latexit sha1_base64="FqubYECA4q0kmS5A1UVjgyt+h5o=">AAACAnicbZDNSgMxFIXv1L86Vq1u3QwWwVWZcaPuBDcuK1hb6JSSydy2oUlmyE+lDH0H3ep7uBLfw9fwCUx/Ftp6IHA4J+HefEnOmTZh+OWVNja3tnfKu/5eZf/gsHpUedSZVRSbNOOZaidEI2cSm4YZju1cIREJx1Yyup31rTEqzTL5YCY5dgUZSNZnlBgXtWJpe7GwvWotrIdzBesmWpoaLNXoVb/jNKNWoDSUE607UZibbkGUYZTj1I+txpzQERlgx1lJBOpuMV93Gpy5JA36mXJHmmCe/n5REKH1RCTupiBmqFe7Wfhf17Gmf9UtmMytQUkXg/qWByYLZn8PUqaQGj5xhlDF3K4BHRJFqHGEfD+W+EQzIYhMi3g8RjotYitTVDO4U99BilaRrJvmRf26Ht2HUIYTOIVziOASbuAOGtAECiN4gVd48569d+9jQbPkLbEewx95nz8t1Ztz</latexit><latexit sha1_base64="FqubYECA4q0kmS5A1UVjgyt+h5o=">AAACAnicbZDNSgMxFIXv1L86Vq1u3QwWwVWZcaPuBDcuK1hb6JSSydy2oUlmyE+lDH0H3ep7uBLfw9fwCUx/Ftp6IHA4J+HefEnOmTZh+OWVNja3tnfKu/5eZf/gsHpUedSZVRSbNOOZaidEI2cSm4YZju1cIREJx1Yyup31rTEqzTL5YCY5dgUZSNZnlBgXtWJpe7GwvWotrIdzBesmWpoaLNXoVb/jNKNWoDSUE607UZibbkGUYZTj1I+txpzQERlgx1lJBOpuMV93Gpy5JA36mXJHmmCe/n5REKH1RCTupiBmqFe7Wfhf17Gmf9UtmMytQUkXg/qWByYLZn8PUqaQGj5xhlDF3K4BHRJFqHGEfD+W+EQzIYhMi3g8RjotYitTVDO4U99BilaRrJvmRf26Ht2HUIYTOIVziOASbuAOGtAECiN4gVd48569d+9jQbPkLbEewx95nz8t1Ztz</latexit><latexit sha1_base64="OzTWEa/Qxvw3Qc2K1fJpLruMx9Q=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokbdVd047KCtUITymRy0w6dmYR5VEroP+hW/8OVuPUb/A2/wEnbhbYeuHA4517uvSfOGVXa97+cysrq2vpGddPd2t7Z3avtH9yrzEgCbZKxTD7EWAGjAtqaagYPuQTMYwadeHhd+p0RSEUzcafHOUQc9wVNKcHaSp1QmF7ITa9W9xv+FN4yCeakjuZo9WrfYZIRw0FowrBS3cDPdVRgqSlhMHFDoyDHZIj70LVUYA4qKqbnTrwTqyRemklbQntT9fdEgblSYx7bTo71QC16pfif1zU6vYgKKnKjQZDZotQwT2de+buXUAlEs7ElmEhqb/XIAEtMtE3IdUMBjyTjHIukCEcjIJMiNCIBWYY7cW1IwWIky6R91rhsBLd+vXk1T6uKjtAxOkUBOkdNdINaqI0IGqJn9IJenSfnzXl3PmatFWc+c4j+wPn8Ae4knOc=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit>

µ
<latexit sha1_base64="JAUiNNIFc2QjVlJpYY4S4OW0At0=">AAACCXicbVDLSsNAFJ34rPFVdekmWARXJRFB3RXduKxobaEpZTK5bYfOTMI8KiXkD3Sr/+FK3PoV/oZf4KTtQlsPXDiccy/33hOljCrt+1/O0vLK6tp6acPd3Nre2S3v7T+oxEgCDZKwRLYirIBRAQ1NNYNWKgHziEEzGl4XfnMEUtFE3OtxCh2O+4L2KMHaSnchN91yxa/6E3iLJJiRCpqh3i1/h3FCDAehCcNKtQM/1Z0MS00Jg9wNjYIUkyHuQ9tSgTmoTjY5NfeOrRJ7vUTaEtqbqL8nMsyVGvPIdnKsB2reK8T/vLbRvYtORkVqNAgyXdQzzNOJV/ztxVQC0WxsCSaS2ls9MsASE23Tcd1QwCNJOMcizsLRCEiehUbEIItgc9eGFMxHskgap9XLanB7VqldzdIqoUN0hE5QgM5RDd2gOmoggvroGb2gV+fJeXPenY9p65IzmzlAf+B8/gCuNpsl</latexit><latexit sha1_base64="JAUiNNIFc2QjVlJpYY4S4OW0At0=">AAACCXicbVDLSsNAFJ34rPFVdekmWARXJRFB3RXduKxobaEpZTK5bYfOTMI8KiXkD3Sr/+FK3PoV/oZf4KTtQlsPXDiccy/33hOljCrt+1/O0vLK6tp6acPd3Nre2S3v7T+oxEgCDZKwRLYirIBRAQ1NNYNWKgHziEEzGl4XfnMEUtFE3OtxCh2O+4L2KMHaSnchN91yxa/6E3iLJJiRCpqh3i1/h3FCDAehCcNKtQM/1Z0MS00Jg9wNjYIUkyHuQ9tSgTmoTjY5NfeOrRJ7vUTaEtqbqL8nMsyVGvPIdnKsB2reK8T/vLbRvYtORkVqNAgyXdQzzNOJV/ztxVQC0WxsCSaS2ls9MsASE23Tcd1QwCNJOMcizsLRCEiehUbEIItgc9eGFMxHskgap9XLanB7VqldzdIqoUN0hE5QgM5RDd2gOmoggvroGb2gV+fJeXPenY9p65IzmzlAf+B8/gCuNpsl</latexit><latexit sha1_base64="JAUiNNIFc2QjVlJpYY4S4OW0At0=">AAACCXicbVDLSsNAFJ34rPFVdekmWARXJRFB3RXduKxobaEpZTK5bYfOTMI8KiXkD3Sr/+FK3PoV/oZf4KTtQlsPXDiccy/33hOljCrt+1/O0vLK6tp6acPd3Nre2S3v7T+oxEgCDZKwRLYirIBRAQ1NNYNWKgHziEEzGl4XfnMEUtFE3OtxCh2O+4L2KMHaSnchN91yxa/6E3iLJJiRCpqh3i1/h3FCDAehCcNKtQM/1Z0MS00Jg9wNjYIUkyHuQ9tSgTmoTjY5NfeOrRJ7vUTaEtqbqL8nMsyVGvPIdnKsB2reK8T/vLbRvYtORkVqNAgyXdQzzNOJV/ztxVQC0WxsCSaS2ls9MsASE23Tcd1QwCNJOMcizsLRCEiehUbEIItgc9eGFMxHskgap9XLanB7VqldzdIqoUN0hE5QgM5RDd2gOmoggvroGb2gV+fJeXPenY9p65IzmzlAf+B8/gCuNpsl</latexit><latexit sha1_base64="JAUiNNIFc2QjVlJpYY4S4OW0At0=">AAACCXicbVDLSsNAFJ34rPFVdekmWARXJRFB3RXduKxobaEpZTK5bYfOTMI8KiXkD3Sr/+FK3PoV/oZf4KTtQlsPXDiccy/33hOljCrt+1/O0vLK6tp6acPd3Nre2S3v7T+oxEgCDZKwRLYirIBRAQ1NNYNWKgHziEEzGl4XfnMEUtFE3OtxCh2O+4L2KMHaSnchN91yxa/6E3iLJJiRCpqh3i1/h3FCDAehCcNKtQM/1Z0MS00Jg9wNjYIUkyHuQ9tSgTmoTjY5NfeOrRJ7vUTaEtqbqL8nMsyVGvPIdnKsB2reK8T/vLbRvYtORkVqNAgyXdQzzNOJV/ztxVQC0WxsCSaS2ls9MsASE23Tcd1QwCNJOMcizsLRCEiehUbEIItgc9eGFMxHskgap9XLanB7VqldzdIqoUN0hE5QgM5RDd2gOmoggvroGb2gV+fJeXPenY9p65IzmzlAf+B8/gCuNpsl</latexit>

�̄e
<latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit><latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit><latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit><latexit sha1_base64="JYIex5RwWWROphGFcJ+K8Fo90JA=">AAACEHicbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cVnB2mJTymRy2w6dmYSZSaWEfoVu9T9ciVv/wN/wC5y0WWjrgQuHc+7l3nvChDNtPO/LWVpeWV1bL224m1vbO7vlvf17HaeKQoPGPFatkGjgTELDMMOhlSggIuTQDIfXud8cgdIslndmnEBHkL5kPUaJsdJDEBKFA5l2oVuueFVvCrxI/IJUUIF6t/wdRDFNBUhDOdG67XuJ6WREGUY5TNwg1ZAQOiR9aFsqiQDdyaYXT/CxVSLci5UtafBU/T2REaH1WIS2UxAz0PNeLv7ntVPTu+hkTCapAUlni3opxybG+fs4Ygqo4WNLCFXM3orpgChCjQ3JdQMJjzQWgsgoC0YjoJMsSGUEKs934tqQ/PlIFknjtHpZ9W/PKrWrIq0SOkRH6AT56BzV0A2qowaiSKJn9IJenSfnzXl3PmatS04xc4D+wPn8AcgbneE=</latexit>

e
<latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit><latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit><latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit><latexit sha1_base64="HFOmfipBK0ztvNJYHAhgO3o5bx4=">AAACB3icbVDLSsNAFJ34rPFVdelmsAiuSiKCuiu6cdmCtYWmlMnkph06Mwkzk0oJ+QHd6n+4Erd+hr/hFzh9LLT1wIXDOfdy7z1hypk2nvflrKyurW9slrbc7Z3dvf3yweGDTjJFoUkTnqh2SDRwJqFpmOHQThUQEXJohcPbid8agdIskfdmnEJXkL5kMaPEWKkBvXLFq3pT4GXiz0kFzVHvlb+DKKGZAGkoJ1p3fC813ZwowyiHwg0yDSmhQ9KHjqWSCNDdfHpogU+tEuE4UbakwVP190ROhNZjEdpOQcxAL3oT8T+vk5n4qpszmWYGJJ0tijOOTYInX+OIKaCGjy0hVDF7K6YDogg1NhvXDSQ80kQIIqM8GI2AFnmQyQjUJNbCtSH5i5Esk+Z59brqNy4qtZt5WiV0jE7QGfLRJaqhO1RHTUQRoGf0gl6dJ+fNeXc+Zq0rznzmCP2B8/kD/8CaOA==</latexit>

�µ
<latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="AN4ZsCOb3BkEC4bwyZbdoZU1wHg=">AAAB+HicbZBPS8MwGMbT+W/WqfPsJTgET6P1ot4ELx4nWDdYy0jTt1tYkpYknYzSu3j1e3gSv4tfw09guu2gmw8EHp4n4X3zi3POtPG8L6extb2zu9fcdw9a7uHRcbv1pLNCUQhoxjM1iIkGziQEhhkOg1wBETGHfjy9q/v+DJRmmXw08xwiQcaSpYwSY6PeqN3xut5CeNP4K9NBK43a32GS0UKANJQTrYe+l5uoJMowyqFyw0JDTuiUjGForSQCdFQu1qzwuU0SnGbKHmnwIv39oiRC67mI7U1BzESvd3X4XzcsTHodlUzmhQFJl4PSgmOT4frPOGEKqOFzawhVzO6K6YQoQo0l47qhhGeaCUFkUoazGdCqDAuZgKqhVq5l5K8T2TTBZfem6z94qIlO0Rm6QD66QrfoHvVQgChK0Ct6c16cd+djibLhrJieoD9yPn8AraSXaA==</latexit><latexit sha1_base64="FqubYECA4q0kmS5A1UVjgyt+h5o=">AAACAnicbZDNSgMxFIXv1L86Vq1u3QwWwVWZcaPuBDcuK1hb6JSSydy2oUlmyE+lDH0H3ep7uBLfw9fwCUx/Ftp6IHA4J+HefEnOmTZh+OWVNja3tnfKu/5eZf/gsHpUedSZVRSbNOOZaidEI2cSm4YZju1cIREJx1Yyup31rTEqzTL5YCY5dgUZSNZnlBgXtWJpe7GwvWotrIdzBesmWpoaLNXoVb/jNKNWoDSUE607UZibbkGUYZTj1I+txpzQERlgx1lJBOpuMV93Gpy5JA36mXJHmmCe/n5REKH1RCTupiBmqFe7Wfhf17Gmf9UtmMytQUkXg/qWByYLZn8PUqaQGj5xhlDF3K4BHRJFqHGEfD+W+EQzIYhMi3g8RjotYitTVDO4U99BilaRrJvmRf26Ht2HUIYTOIVziOASbuAOGtAECiN4gVd48569d+9jQbPkLbEewx95nz8t1Ztz</latexit><latexit sha1_base64="FqubYECA4q0kmS5A1UVjgyt+h5o=">AAACAnicbZDNSgMxFIXv1L86Vq1u3QwWwVWZcaPuBDcuK1hb6JSSydy2oUlmyE+lDH0H3ep7uBLfw9fwCUx/Ftp6IHA4J+HefEnOmTZh+OWVNja3tnfKu/5eZf/gsHpUedSZVRSbNOOZaidEI2cSm4YZju1cIREJx1Yyup31rTEqzTL5YCY5dgUZSNZnlBgXtWJpe7GwvWotrIdzBesmWpoaLNXoVb/jNKNWoDSUE607UZibbkGUYZTj1I+txpzQERlgx1lJBOpuMV93Gpy5JA36mXJHmmCe/n5REKH1RCTupiBmqFe7Wfhf17Gmf9UtmMytQUkXg/qWByYLZn8PUqaQGj5xhlDF3K4BHRJFqHGEfD+W+EQzIYhMi3g8RjotYitTVDO4U99BilaRrJvmRf26Ht2HUIYTOIVziOASbuAOGtAECiN4gVd48569d+9jQbPkLbEewx95nz8t1Ztz</latexit><latexit sha1_base64="OzTWEa/Qxvw3Qc2K1fJpLruMx9Q=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokbdVd047KCtUITymRy0w6dmYR5VEroP+hW/8OVuPUb/A2/wEnbhbYeuHA4517uvSfOGVXa97+cysrq2vpGddPd2t7Z3avtH9yrzEgCbZKxTD7EWAGjAtqaagYPuQTMYwadeHhd+p0RSEUzcafHOUQc9wVNKcHaSp1QmF7ITa9W9xv+FN4yCeakjuZo9WrfYZIRw0FowrBS3cDPdVRgqSlhMHFDoyDHZIj70LVUYA4qKqbnTrwTqyRemklbQntT9fdEgblSYx7bTo71QC16pfif1zU6vYgKKnKjQZDZotQwT2de+buXUAlEs7ElmEhqb/XIAEtMtE3IdUMBjyTjHIukCEcjIJMiNCIBWYY7cW1IwWIky6R91rhsBLd+vXk1T6uKjtAxOkUBOkdNdINaqI0IGqJn9IJenSfnzXl3PmatFWc+c4j+wPn8Ae4knOc=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit><latexit sha1_base64="roUpvVEjXqqHBSwG027M6gz61Ms=">AAACDXicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFawtNKJPJTTt0ZhLmUSmh/6Bb/Q9X4tZv8Df8AqePhbYeuHA4517uvSfOGVXa97+c0srq2vpGedPd2t7Z3avsHzyozEgCTZKxTLZjrIBRAU1NNYN2LgHzmEErHtxM/NYQpKKZuNejHCKOe4KmlGBtpVYoTDfkplup+jV/Cm+ZBHNSRXM0upXvMMmI4SA0YVipTuDnOiqw1JQwGLuhUZBjMsA96FgqMAcVFdNzx96JVRIvzaQtob2p+nuiwFypEY9tJ8e6rxa9ifif1zE6vYwKKnKjQZDZotQwT2fe5HcvoRKIZiNLMJHU3uqRPpaYaJuQ64YCHknGORZJEQ6HQMZFaEQCchLu2LUhBYuRLJPmWe2qFtydV+vX87TK6Agdo1MUoAtUR7eogZqIoAF6Ri/o1Xly3px352PWWnLmM4foD5zPH+9knOs=</latexit>

effective theory below  mW
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data effective field 
theory interpretation

Effective theory
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‣ large number of unconstrained EFT parameters lead to 
phenomenological degeneracies = “blind directions”
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‣ one of the most prominent an relevant for Higgs physics
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‣ way out: resolve C0 function for                             with one or more jets pT (H) � mt
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contact ggH interactions mask top Yukawa measurements
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FIG. 1: Predictions for Higgs+jet production for approximate cancellations of Wilson coe�cient choices that can be resolved for
large momenta. The uncertainty is evaluate by a factorisation and renormalisation scale variations by factors of two around the
central scale µ =
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Such an approach provides unique opportunities to the
extraction of unknown parameters. In particular, the
constraining results of the first LHC runs have left an
impression that new physics could be heavy. This has
motivated the particular use of e↵ective field theory tech-
niques for the hunt of new BSM interactions. The rele-
vance of di↵erential distributions in this context has been
highlighted in [9? –11] and the interplay of theoretical
uncertainties in this context is extremely important.

In this paper we provide a new approach to machine
learning, including systematic uncertainties right from
the outset. This not only allows to evaluate a neural net-
work (NN) score in a much more controlled and reason-
able way, but also paves the way to perform di↵erential
parameter fits on an event by event basis while fully in-
cluding a measure of trust for the observed phase-space
region. We discuss this using the example of Higgs pro-
duction in association with jets. This paper is structured
as follows: In Sec. II we review the basics of the appli-
cation of adversary neural networks to pivotising uncer-
tainties. In Sec. III, we apply this technique to an area of
Higgs physics where uncertainties are crucial: the break-
ing of a blind direction in EFT-modified gluon fusion pro-
duction cross section using additional jet emission. We
o↵er conclusions in Sec. IV.

II. ADVERSARIAL NEURAL NETS AND
UNCERTAINTIES

• usage of generative adversarial networks (GAN)
first proposed by [12]

– aim: train NN to generate data according to
a given (experimental) distribution

– method: train two neural networks, a classi-
fier and adversary, simultaneously using op-

positional training goals: adversary: learn to
generate data samples according to given dis-
tribution, classifier: learn to distinguish be-
tween generated and real samples.
At the end of training classifier can distin-
guish adversary output from real data only by
chance

• in this work generative aspect of adversarial net-
works is less relevant;

• instead implement adversarial network as a method
for pivotization with respect to systematic uncer-
tainties in the training data as described in [13]

• more specifically, obtain event classification (into
signal and background) which is independent of the
theoretical systematic uncertainties associated with
the renormalization and factorization scales

• This is achieved by using the adversary to penalize
the classifier whenever it becomes sensitive to the
scale variation. Hence, the classifier can not op-
timize on phase space regions that seem to have
a large discriminating power between signal and
background but su↵er from systematic uncertain-
ties. In this respect the adversarial network is a
numerical implementation of an optimization prob-
lem (with respect to signal-background separation)
with constraints (being independent of the scale)
where the constraints are implemented via the loss
function of the adversary and the associated La-
grange multiplier is a tunable hyper parameter of
the adversarial neural network (ANN).
COMMENT(PG): Ref. [13] actually gives a very
nice example how this pivotization works. They
take two 2-dim. Gaussian distributions. Central
value of background at µ = (0, 0) and central value

cg, cu,3 � incl. GF � 15% SM

SM-like couplings

‣ way out: resolve C0 function for                             with one or more jets 
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[Banfi, Martin, Sanz `13] [Grojean, Salvioni, Schalffer, Weiler `13] 
[Schalffer et al`14] [Buschmann et al. `14] [Buschmann et al. `14]
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Role of uncertainties

• comparably small impact of tail uncertainties                                          
(lin vs log ∼ 35% different shape uncertainty at 150 GeV pT 

• decoupled (non-resonant) new physics perturbatively 
constrained at relatively low transverse momentum

“fit will always pick region where null hypothesis is under good control”
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FIG. 1: Scans of the sum of squared residuals ��2 as a function of the Wilson coe�cients c̄d,3, c̄g, c̄� , c̄H , c̄HB , c̄HW , c̄u,3, and
c̄W (from top left to bottom right), obtained by using di↵erential Higgs pT distributions. Di↵erent assumptions on theoretical
uncertainties as given in Eq. (4) are shown in di↵erent colours. Solid lines refer to scenarios with �inv

h = 0, while dashed lines
indicate fit results with �inv

h left free in the fit.

[CE, Kogler, Schulz, Spannowsky `17]

similar conclusion hold for more abundant top final states [CE, Moore, Nordstrom, Russell `16]
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‣ more kinematic information for H+2j, which is particularly promising, 
unfortunately mt=∞ SM limit accidentally good
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neural net learns regions that are sensitive to uncertainty….

uncertainty affects BSM constraint

pp � Hjj
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SM-like couplings
‣ more kinematic information for H+2j, which is particularly promising, 

unfortunately mt=∞ SM limit accidentally good

[CE, Galler, Harris, Spannowsky `18]

[Goodfellow et al. `14] [Louppe, Kagan, Cranmer `16] …
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… and can be forced to avoid them → most robust constraints

pp � Hjj
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SM-like couplings
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unfortunately mt=∞ SM limit accidentally good

[CE, Galler, Harris, Spannowsky `18]
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… and can be forced to avoid them → most robust constraints

SM-like couplings
‣ more kinematic information for H+2j, which is particularly promising, 

unfortunately mt=∞ SM limit accidentally good

[CE, Galler, Harris, Spannowsky `18]

[Goodfellow et al. `14] [Louppe, Kagan, Cranmer `16] …
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FIG. 6: Performance comparison of the (A)NN using
Higgs+multijet final states. For details see text.

quiring at least 2 (1) expected SM events in the h+jet
(h+2 jets) selection region detailed above for a given lu-
minosity. We treat the two regions as uncorrelated. No
additional parton-level cuts are employed.

The result is shown in Fig. 6 as a function of the dis-
tance from the (cg, ct) blind direction for a luminosity of
100/fb. There, we also compare the ANN performance to
a neural net analyses without the inclusion of the adver-
sary. In the latter case, di↵erent scale choices will result
in a di↵erent NN score. By tracing the influence of the µ-
dependence of the NN score through to the significance,
a variation of exclusion can be assigned an uncertainty
represented by the blue error bar.

As can be seen from Fig. 6, there are di↵erent pos-
sible outcomes, but an exclusion at the 68% confidence
level should be possible for the region close to the SM. In
some cases the ANN limit agrees well with the lower end
of the expected significance as one could naively expect.
This situation corresponds to an ANN score that inter-
polates between maximum and minimum discrimination
within the uncertainty bands of the fully di↵erential cross
sections. Given that the ANN pivots as a result of the
uncertainties, it will always be less sensitive than the
NN output. The lower NN sensitivity as a function of µ
therefore provides a supremum of the ANN’s sensitivity.

There are also more interesting situations, in partic-
ular when we approach the blind direction. While the
NN score without adversary becomes sensitive to phase
space regions that are not under perturbative control,
the ANN will not show any sensitivity in this particu-
lar region of phase space. This leads the ANN to push
its region of discrimination to a more exclusive region of
phase space where the relative impact of the uncertainty
is smaller compared to the new physics deviation. In
turn, this then manifests itself as a smaller total discrim-
inating power, well outside the naive uncertainty expec-
tation of the NN score without adversary. This robust-
ness is a clear benefit of the adversarial network and is
the main result of this analysis. As expected, this e↵ect

becomes most relevant when we approach the blind di-
rection. New physics events with cg ⇠

p
2ct/3 will be

distributed more closely to the SM expectation across
the considered phase-space. Scale uncertainties render
the ANN “blind” to small kinematical deviations within
the associated uncertainty bands, thereby decreasing the
overall sensitivity significantly. Including a proper treat-
ment of kinematic uncertainties, as provided by the ANN
is therefore crucial to obtaining robust and reliable con-
straints that inform a new physics question, which in
this example is represented by the relevance of the top
threshold for new heavy BSM.

IV. SUMMARY AND CONCLUSIONS

Theoretical and experimental uncertainties are the key
limiting factors in searches for new interactions at the
LHC and future colliders. This is dramatically high-
lighted when we want to constrain non-resonant exten-
sions of the Standard Model, where large momentum
transfers and very exclusive regions of phase space are
the most sensitive probes of new physics. Experimen-
tal sensitivities are usually good when we deal with hard
final state objects. Unfortunately, outside the inclusive
realm of perturbative QCD, theoretical control in highly
selective regions of phase space is often lost or at least
significantly degraded.
There is no first principle way of correctly assessing the

associated theoretical uncertainties apart from ad-hoc
scale variations of unphysical remnant scales. Process-
dependent QCD-educated guesses for such choices might
exist, but these do not come with guarantees, in particu-
lar, when we deal with the multi-parton and multi-scale
problems imposed by hadron collider phenomenology.
In this paper, we have addressed this conundrum by

building on recent developments in machine learning,
specifically in the area of adversarial neural networks.
While ad-hoc scale choices have to remain as estima-

tors of the theoretically unknown, the response of Monte
Carlo data to such choices can be propagated to the kine-
matics of the full final state. In phase space regions where
the a priori-sensitivity to new physics is large but e↵ec-
tively obstructed by uncertainties, no sensitivity should
be claimed. These regions, which also depend on the
particular type of uncertainty, are process-specific and
are not necessarily aligned nor connected with our stan-
dard understanding of collider kinematics. This large
variation in conditions is most naturally addressed with
neural networks.
Using the particular case of jet-associated Higgs pro-

duction at the LHC, where large momentum transfers
can pinpoint di↵erent sources of new physics in the Higgs
sector, we have demonstrated that uncertainties can be
accounted for in the discrimination. Additionally we have
shown that “standard” approaches to select new physics
can be sensitive to uncertainties and typically the sensi-
tivity is over-estimated, in some cases severely. An ac-

distance
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CP violation

‣ a repeating point of argument is inclusion of (dim 6)2 as there is no 
clear right or wrong

matching MC 
perturbativity

unitarity…
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‣ a repeating point of argument is inclusion of (dim 6)2 as there is no 
clear right or wrong

matching MC 
perturbativity

unitarity…

‣ in practice this is (often) not a huge problem for large data samples

CP violation
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CP violation

‣ a repeating point of argument is inclusion of (dim 6)2 as there is no 
clear right or wrong

matching MC 
perturbativity

unitarity…

‣ in practice this is (often) not a huge problem for large data samples

‣ qualitatively different for CP-violation:

~ dim 6 ~ (dim 6)2

‣ only genuinely CP-sensitive 
observables carry information

‣ every CP-even observable 
carries information

cross sections, widths, pT spectra…��jj
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signed                , asymmetries, ….

naive 
perturbative

power countingci

�2
<latexit sha1_base64="/rKar5CUvfTTVKEgYg+snSxmOj4=">AAACHHicbVDJSgMxGM641nGry81LsAieyowIKngoePHgoYJVoVNLJvO3DWYZkkylDvMsetX38CReBV/DJzBdDm4fBD6+hfx8ccqZsUHw4U1Nz8zOzZcW/MWl5ZXV8tr6pVGZptCgiit9HRMDnEloWGY5XKcaiIg5XMW3J0P/qg/aMCUv7CCFliBdyTqMEuukdnkzp20WKRfB0ZmrJeRmr2iXK0E1GAH/JeGEVNAE9Xb5M0oUzQ RISzkxphkGqW3lRFtGORR+lBlICb0lXWg6KokA08pH1xd4xykJ7ijtnrR4pH5v5EQYMxCxSwpie+a3NxT/85qZ7Ry2cibTzIKk4486GcdW4eEUOGEaqOUDRwjVzN2KaY9oQq0bzPcjCXdUCUFkkkf9PtAijzKZgB5uXfhupPD3JH9JY696VA3P9yu148laJbSFttEuCtEBqqFTVEcNRNE9ekRP6Nl78F68V+9tHJ3yJp0N9APe+xczc6JE</latexit><latexit sha1_base64="/rKar5CUvfTTVKEgYg+snSxmOj4=">AAACHHicbVDJSgMxGM641nGry81LsAieyowIKngoePHgoYJVoVNLJvO3DWYZkkylDvMsetX38CReBV/DJzBdDm4fBD6+hfx8ccqZsUHw4U1Nz8zOzZcW/MWl5ZXV8tr6pVGZptCgiit9HRMDnEloWGY5XKcaiIg5XMW3J0P/qg/aMCUv7CCFliBdyTqMEuukdnkzp20WKRfB0ZmrJeRmr2iXK0E1GAH/JeGEVNAE9Xb5M0oUzQ RISzkxphkGqW3lRFtGORR+lBlICb0lXWg6KokA08pH1xd4xykJ7ijtnrR4pH5v5EQYMxCxSwpie+a3NxT/85qZ7Ry2cibTzIKk4486GcdW4eEUOGEaqOUDRwjVzN2KaY9oQq0bzPcjCXdUCUFkkkf9PtAijzKZgB5uXfhupPD3JH9JY696VA3P9yu148laJbSFttEuCtEBqqFTVEcNRNE9ekRP6Nl78F68V+9tHJ3yJp0N9APe+xczc6JE</latexit><latexit sha1_base64="/rKar5CUvfTTVKEgYg+snSxmOj4=">AAACHHicbVDJSgMxGM641nGry81LsAieyowIKngoePHgoYJVoVNLJvO3DWYZkkylDvMsetX38CReBV/DJzBdDm4fBD6+hfx8ccqZsUHw4U1Nz8zOzZcW/MWl5ZXV8tr6pVGZptCgiit9HRMDnEloWGY5XKcaiIg5XMW3J0P/qg/aMCUv7CCFliBdyTqMEuukdnkzp20WKRfB0ZmrJeRmr2iXK0E1GAH/JeGEVNAE9Xb5M0oUzQ RISzkxphkGqW3lRFtGORR+lBlICb0lXWg6KokA08pH1xd4xykJ7ijtnrR4pH5v5EQYMxCxSwpie+a3NxT/85qZ7Ry2cibTzIKk4486GcdW4eEUOGEaqOUDRwjVzN2KaY9oQq0bzPcjCXdUCUFkkkf9PtAijzKZgB5uXfhupPD3JH9JY696VA3P9yu148laJbSFttEuCtEBqqFTVEcNRNE9ekRP6Nl78F68V+9tHJ3yJp0N9APe+xczc6JE</latexit><latexit sha1_base64="AN4ZsCOb3BkEC4bwyZbdoZU1wHg=">AAAB+HicbZBPS8MwGMbT+W/WqfPsJTgET6P1ot4ELx4nWDdYy0jTt1tYkpYknYzSu3j1e3gSv4tfw09guu2gmw8EHp4n4X3zi3POtPG8L6extb2zu9fcdw9a7uHRcbv1pLNCUQhoxjM1iIkGziQEhhkOg1wBETGHfjy9q/v+DJRmmXw08xwiQcaSpYwSY6PeqN3xut5CeNP4K9NBK43a32GS0UKANJQTrYe+l5uoJMowyqFyw0 JDTuiUjGForSQCdFQu1qzwuU0SnGbKHmnwIv39oiRC67mI7U1BzESvd3X4XzcsTHodlUzmhQFJl4PSgmOT4frPOGEKqOFzawhVzO6K6YQoQo0l47qhhGeaCUFkUoazGdCqDAuZgKqhVq5l5K8T2TTBZfem6z94qIlO0Rm6QD66QrfoHvVQgChK0Ct6c16cd+djibLhrJieoD9yPn8AraSXaA==</latexit><latexit sha1_base64="eLYQYYSor2ed9VoMMdITjnSxCEA=">AAACEXicbZC7SgNBFIbPene9RbGzGRTBKuzaqJ1gY2ERwWggG8Ps7IkOzmWZmY3EZZ9FW30PK/EBfA2fwMml8PbDwM//n8McvjQX3Loo+gimpmdm5+YXFsOl5ZXVtdr68qXVhWHYZFpo00qpRcEVNh13Alu5QSpTgVfp3cmwv+qjsVyrCzfIsSPpjeI9zqjzUbe2WbIuT7QfIcmZX8vo9X7Vre1E9Wgk8tfEE7MDEzW6tc8k06 yQqBwT1Np2HOWuU1LjOBNYhUlhMafsjt5g21tFJdpOObq+Irs+yUhPG/+UI6P0+0ZJpbUDmfpJSd2t/d0Nw/+6duF6h52Sq7xwqNj4o14hiNNkiIJk3CBzYuANZYb7Wwm7pYYy54GFYaLwnmkpqcrKpN9HVpVJoTI0Q9ZV6CHFv5H8Nc39+lE9Po9gAbZgG/YghgM4hlNoQBMYPMATPMNL8Bi8Bm9jmlPBBOsG/FDw/gU7QKDD</latexit><latexit sha1_base64="eLYQYYSor2ed9VoMMdITjnSxCEA=">AAACEXicbZC7SgNBFIbPene9RbGzGRTBKuzaqJ1gY2ERwWggG8Ps7IkOzmWZmY3EZZ9FW30PK/EBfA2fwMml8PbDwM//n8McvjQX3Loo+gimpmdm5+YXFsOl5ZXVtdr68qXVhWHYZFpo00qpRcEVNh13Alu5QSpTgVfp3cmwv+qjsVyrCzfIsSPpjeI9zqjzUbe2WbIuT7QfIcmZX8vo9X7Vre1E9Wgk8tfEE7MDEzW6tc8k06 yQqBwT1Np2HOWuU1LjOBNYhUlhMafsjt5g21tFJdpOObq+Irs+yUhPG/+UI6P0+0ZJpbUDmfpJSd2t/d0Nw/+6duF6h52Sq7xwqNj4o14hiNNkiIJk3CBzYuANZYb7Wwm7pYYy54GFYaLwnmkpqcrKpN9HVpVJoTI0Q9ZV6CHFv5H8Nc39+lE9Po9gAbZgG/YghgM4hlNoQBMYPMATPMNL8Bi8Bm9jmlPBBOsG/FDw/gU7QKDD</latexit><latexit sha1_base64="hCqNga35ByGDCJSBJlBY317apvA=">AAACHHicbVC7SgNBFJ31GddXfHQ2g0GwCrs2KlgEbCwsIhgTyMYwO3ujg/NYZmYjcdlv0Vb/w0psBX/DL3DyKDR6YOBwHszlxClnxgbBpzczOze/sFha8pdXVtfWyxubV0ZlmkKDKq50KyYGOJPQsMxyaKUaiIg5NOO706Hf7IM2TMlLO0ihI8iNZD1GiXVSt7yd0y6LlIvg6NzVEnJ9UHTLlaAajID/knBCKmiCerf8FSWKZg KkpZwY0w6D1HZyoi2jHAo/ygykhN6RG2g7KokA08lH1xd4zykJ7intnrR4pP5s5EQYMxCxSwpib820NxT/89qZ7R11cibTzIKk4496GcdW4eEUOGEaqOUDRwjVzN2K6S3RhFo3mO9HEu6pEoLIJI/6faBFHmUyAT3cuvDdSOH0JH9J46B6XA0vgkrtZLJWCe2gXbSPQnSIaugM1VEDUfSAntAzevEevVfvzXsfR2e8SWcL/YL38Q0yM6JA</latexit><latexit sha1_base64="/rKar5CUvfTTVKEgYg+snSxmOj4=">AAACHHicbVDJSgMxGM641nGry81LsAieyowIKngoePHgoYJVoVNLJvO3DWYZkkylDvMsetX38CReBV/DJzBdDm4fBD6+hfx8ccqZsUHw4U1Nz8zOzZcW/MWl5ZXV8tr6pVGZptCgiit9HRMDnEloWGY5XKcaiIg5XMW3J0P/qg/aMCUv7CCFliBdyTqMEuukdnkzp20WKRfB0ZmrJeRmr2iXK0E1GAH/JeGEVNAE9Xb5M0oUzQ RISzkxphkGqW3lRFtGORR+lBlICb0lXWg6KokA08pH1xd4xykJ7ijtnrR4pH5v5EQYMxCxSwpie+a3NxT/85qZ7Ry2cibTzIKk4486GcdW4eEUOGEaqOUDRwjVzN2KaY9oQq0bzPcjCXdUCUFkkkf9PtAijzKZgB5uXfhupPD3JH9JY696VA3P9yu148laJbSFttEuCtEBqqFTVEcNRNE9ekRP6Nl78F68V+9tHJ3yJp0N9APe+xczc6JE</latexit><latexit sha1_base64="/rKar5CUvfTTVKEgYg+snSxmOj4=">AAACHHicbVDJSgMxGM641nGry81LsAieyowIKngoePHgoYJVoVNLJvO3DWYZkkylDvMsetX38CReBV/DJzBdDm4fBD6+hfx8ccqZsUHw4U1Nz8zOzZcW/MWl5ZXV8tr6pVGZptCgiit9HRMDnEloWGY5XKcaiIg5XMW3J0P/qg/aMCUv7CCFliBdyTqMEuukdnkzp20WKRfB0ZmrJeRmr2iXK0E1GAH/JeGEVNAE9Xb5M0oUzQ RISzkxphkGqW3lRFtGORR+lBlICb0lXWg6KokA08pH1xd4xykJ7ijtnrR4pH5v5EQYMxCxSwpie+a3NxT/85qZ7Ry2cibTzIKk4486GcdW4eEUOGEaqOUDRwjVzN2KaY9oQq0bzPcjCXdUCUFkkkf9PtAijzKZgB5uXfhupPD3JH9JY696VA3P9yu148laJbSFttEuCtEBqqFTVEcNRNE9ekRP6Nl78F68V+9tHJ3yJp0N9APe+xczc6JE</latexit><latexit sha1_base64="/rKar5CUvfTTVKEgYg+snSxmOj4=">AAACHHicbVDJSgMxGM641nGry81LsAieyowIKngoePHgoYJVoVNLJvO3DWYZkkylDvMsetX38CReBV/DJzBdDm4fBD6+hfx8ccqZsUHw4U1Nz8zOzZcW/MWl5ZXV8tr6pVGZptCgiit9HRMDnEloWGY5XKcaiIg5XMW3J0P/qg/aMCUv7CCFliBdyTqMEuukdnkzp20WKRfB0ZmrJeRmr2iXK0E1GAH/JeGEVNAE9Xb5M0oUzQ RISzkxphkGqW3lRFtGORR+lBlICb0lXWg6KokA08pH1xd4xykJ7ijtnrR4pH5v5EQYMxCxSwpie+a3NxT/85qZ7Ry2cibTzIKk4486GcdW4eEUOGEaqOUDRwjVzN2KaY9oQq0bzPcjCXdUCUFkkkf9PtAijzKZgB5uXfhupPD3JH9JY696VA3P9yu148laJbSFttEuCtEBqqFTVEcNRNE9ekRP6Nl78F68V+9tHJ3yJp0N9APe+xczc6JE</latexit><latexit sha1_base64="/rKar5CUvfTTVKEgYg+snSxmOj4=">AAACHHicbVDJSgMxGM641nGry81LsAieyowIKngoePHgoYJVoVNLJvO3DWYZkkylDvMsetX38CReBV/DJzBdDm4fBD6+hfx8ccqZsUHw4U1Nz8zOzZcW/MWl5ZXV8tr6pVGZptCgiit9HRMDnEloWGY5XKcaiIg5XMW3J0P/qg/aMCUv7CCFliBdyTqMEuukdnkzp20WKRfB0ZmrJeRmr2iXK0E1GAH/JeGEVNAE9Xb5M0oUzQ RISzkxphkGqW3lRFtGORR+lBlICb0lXWg6KokA08pH1xd4xykJ7ijtnrR4pH5v5EQYMxCxSwpie+a3NxT/85qZ7Ry2cibTzIKk4486GcdW4eEUOGEaqOUDRwjVzN2KaY9oQq0bzPcjCXdUCUFkkkf9PtAijzKZgB5uXfhupPD3JH9JY696VA3P9yu148laJbSFttEuCtEBqqFTVEcNRNE9ekRP6Nl78F68V+9tHJ3yJp0N9APe+xczc6JE</latexit><latexit sha1_base64="/rKar5CUvfTTVKEgYg+snSxmOj4=">AAACHHicbVDJSgMxGM641nGry81LsAieyowIKngoePHgoYJVoVNLJvO3DWYZkkylDvMsetX38CReBV/DJzBdDm4fBD6+hfx8ccqZsUHw4U1Nz8zOzZcW/MWl5ZXV8tr6pVGZptCgiit9HRMDnEloWGY5XKcaiIg5XMW3J0P/qg/aMCUv7CCFliBdyTqMEuukdnkzp20WKRfB0ZmrJeRmr2iXK0E1GAH/JeGEVNAE9Xb5M0oUzQ RISzkxphkGqW3lRFtGORR+lBlICb0lXWg6KokA08pH1xd4xykJ7ijtnrR4pH5v5EQYMxCxSwpie+a3NxT/85qZ7Ry2cibTzIKk4486GcdW4eEUOGEaqOUDRwjVzN2KaY9oQq0bzPcjCXdUCUFkkkf9PtAijzKZgB5uXfhupPD3JH9JY696VA3P9yu148laJbSFttEuCtEBqqFTVEcNRNE9ekRP6Nl78F68V+9tHJ3yJp0N9APe+xczc6JE</latexit><latexit sha1_base64="/rKar5CUvfTTVKEgYg+snSxmOj4=">AAACHHicbVDJSgMxGM641nGry81LsAieyowIKngoePHgoYJVoVNLJvO3DWYZkkylDvMsetX38CReBV/DJzBdDm4fBD6+hfx8ccqZsUHw4U1Nz8zOzZcW/MWl5ZXV8tr6pVGZptCgiit9HRMDnEloWGY5XKcaiIg5XMW3J0P/qg/aMCUv7CCFliBdyTqMEuukdnkzp20WKRfB0ZmrJeRmr2iXK0E1GAH/JeGEVNAE9Xb5M0oUzQ RISzkxphkGqW3lRFtGORR+lBlICb0lXWg6KokA08pH1xd4xykJ7ijtnrR4pH5v5EQYMxCxSwpie+a3NxT/85qZ7Ry2cibTzIKk4486GcdW4eEUOGEaqOUDRwjVzN2KaY9oQq0bzPcjCXdUCUFkkkf9PtAijzKZgB5uXfhupPD3JH9JY696VA3P9yu148laJbSFttEuCtEBqqFTVEcNRNE9ekRP6Nl78F68V+9tHJ3yJp0N9APe+xczc6JE</latexit>

c2
i

�4
<latexit sha1_base64="AomV0i5yxBcAK14lwrV/HE7G4ns=">AAACHnicbVDLSgMxFM34rOOrKrhxEyyCqzIjBRVcFNy4cFHBqtCpJZO5bYN5DEmmUsb5GN3qf7gSt/obfoFp7cLXgcDhPMjlxClnxgbBuzc1PTM7N19a8BeXlldWy2vrF0ZlmkKTKq70VUwMcCahaZnlcJVqICLmcBnfHI/8ywFow5Q8t8MU2oL0JOsySqyTOuXNnHbY9V6kXAhHp66YkOta0SlXgmowBv5LwgmpoAkanfJHlCiaCZCWcmJMKwxS286JtoxyKPwoM5ASekN60HJUEgGmnY/vL/COUxLcVdo9afFY/d7IiTBmKGKXFMT2zW9vJP7ntTLbPWjnTKaZBUm/PupmHFuFR2PghGmglg8dIVQzdyumfaIJtW4y348k3FIlBJFJHg0GQIs8ymQCerR24buRwt+T/CXNvephNTyrVepHk7VKaAtto10Uon1URyeogZqIojv0gB7Rk3fvPXsv3utXdMqbdDbQD3hvn3m2ouo=</latexit><latexit sha1_base64="AomV0i5yxBcAK14lwrV/HE7G4ns=">AAACHnicbVDLSgMxFM34rOOrKrhxEyyCqzIjBRVcFNy4cFHBqtCpJZO5bYN5DEmmUsb5GN3qf7gSt/obfoFp7cLXgcDhPMjlxClnxgbBuzc1PTM7N19a8BeXlldWy2vrF0ZlmkKTKq70VUwMcCahaZnlcJVqICLmcBnfHI/8ywFow5Q8t8MU2oL0JOsySqyTOuXNnHbY9V6kXAhHp66YkOta0SlXgmowBv5LwgmpoAkanfJHlCiaCZCWcmJMKwxS286JtoxyKPwoM5ASekN60HJUEgGmnY/vL/COUxLcVdo9afFY/d7IiTBmKGKXFMT2zW9vJP7ntTLbPWjnTKaZBUm/PupmHFuFR2PghGmglg8dIVQzdyumfaIJtW4y348k3FIlBJFJHg0GQIs8ymQCerR24buRwt+T/CXNvephNTyrVepHk7VKaAtto10Uon1URyeogZqIojv0gB7Rk3fvPXsv3utXdMqbdDbQD3hvn3m2ouo=</latexit><latexit sha1_base64="AomV0i5yxBcAK14lwrV/HE7G4ns=">AAACHnicbVDLSgMxFM34rOOrKrhxEyyCqzIjBRVcFNy4cFHBqtCpJZO5bYN5DEmmUsb5GN3qf7gSt/obfoFp7cLXgcDhPMjlxClnxgbBuzc1PTM7N19a8BeXlldWy2vrF0ZlmkKTKq70VUwMcCahaZnlcJVqICLmcBnfHI/8ywFow5Q8t8MU2oL0JOsySqyTOuXNnHbY9V6kXAhHp66YkOta0SlXgmowBv5LwgmpoAkanfJHlCiaCZCWcmJMKwxS286JtoxyKPwoM5ASekN60HJUEgGmnY/vL/COUxLcVdo9afFY/d7IiTBmKGKXFMT2zW9vJP7ntTLbPWjnTKaZBUm/PupmHFuFR2PghGmglg8dIVQzdyumfaIJtW4y348k3FIlBJFJHg0GQIs8ymQCerR24buRwt+T/CXNvephNTyrVepHk7VKaAtto10Uon1URyeogZqIojv0gB7Rk3fvPXsv3utXdMqbdDbQD3hvn3m2ouo=</latexit><latexit sha1_base64="AomV0i5yxBcAK14lwrV/HE7G4ns=">AAACHnicbVDLSgMxFM34rOOrKrhxEyyCqzIjBRVcFNy4cFHBqtCpJZO5bYN5DEmmUsb5GN3qf7gSt/obfoFp7cLXgcDhPMjlxClnxgbBuzc1PTM7N19a8BeXlldWy2vrF0ZlmkKTKq70VUwMcCahaZnlcJVqICLmcBnfHI/8ywFow5Q8t8MU2oL0JOsySqyTOuXNnHbY9V6kXAhHp66YkOta0SlXgmowBv5LwgmpoAkanfJHlCiaCZCWcmJMKwxS286JtoxyKPwoM5ASekN60HJUEgGmnY/vL/COUxLcVdo9afFY/d7IiTBmKGKXFMT2zW9vJP7ntTLbPWjnTKaZBUm/PupmHFuFR2PghGmglg8dIVQzdyumfaIJtW4y348k3FIlBJFJHg0GQIs8ymQCerR24buRwt+T/CXNvephNTyrVepHk7VKaAtto10Uon1URyeogZqIojv0gB7Rk3fvPXsv3utXdMqbdDbQD3hvn3m2ouo=</latexit>

…[Figy, Hankele, Klämke, Zeppenfeld `06]…
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CP violation

‣ a repeating point of argument is inclusion of (dim 6)2 as there is no 
clear right or wrong

matching MC 
perturbativity

unitarity…

‣ in practice this is (often) not a huge problem for large data samples

‣ qualitatively different for CP-violation:

~ dim 6 ~ (dim 6)2

‣ only genuinely CP-sensitive 
observables carry information

‣ every CP-even observable 
carries information

cross sections, widths, pT spectra…��jj
<latexit sha1_base64="JvWHg5csULCumbslcu9p+wKaBKQ=">AAACF3icbZDNSsNAFIUn9a/Gn1ZdugkWwVVJRFB3RV24rGBsoSllMrltp52ZhJlJpYS8iG71PVyJW5e+hk/g9GehrQcGDufcy1y+MGFUadf9sgorq2vrG8VNe2t7Z7dU3tt/UHEqCfgkZrFshlgBowJ8TTWDZiIB85BBIxxeT/rGCKSisbjX4wTaHPcE7VKCtYk65VJwA0zjIOnTTjYY5J1yxa26UznLxpubCpqr3il/B1FMUg5CE4aVanluotsZlpoSBrkdpAoSTIa4By1jBeag2tn08Nw5NknkdGNpntDONP29kWGu1JiHZpJj3VeL3ST8r2ulunvRzqhIUg2CzD7qpszRsTOh4ERUAtFsbAwmkppbHdLHEhNtWNl2IOCRxJxjEWXBaAQkz4JURCAnmHPbQPIWkSwb/7R6WfXuziq1qzmtIjpER+gEeegc1dAtqiMfEZSiZ/SCXq0n6816tz5mowVrvnOA/sj6/AHuyqCe</latexit><latexit sha1_base64="JvWHg5csULCumbslcu9p+wKaBKQ=">AAACF3icbZDNSsNAFIUn9a/Gn1ZdugkWwVVJRFB3RV24rGBsoSllMrltp52ZhJlJpYS8iG71PVyJW5e+hk/g9GehrQcGDufcy1y+MGFUadf9sgorq2vrG8VNe2t7Z7dU3tt/UHEqCfgkZrFshlgBowJ8TTWDZiIB85BBIxxeT/rGCKSisbjX4wTaHPcE7VKCtYk65VJwA0zjIOnTTjYY5J1yxa26UznLxpubCpqr3il/B1FMUg5CE4aVanluotsZlpoSBrkdpAoSTIa4By1jBeag2tn08Nw5NknkdGNpntDONP29kWGu1JiHZpJj3VeL3ST8r2ulunvRzqhIUg2CzD7qpszRsTOh4ERUAtFsbAwmkppbHdLHEhNtWNl2IOCRxJxjEWXBaAQkz4JURCAnmHPbQPIWkSwb/7R6WfXuziq1qzmtIjpER+gEeegc1dAtqiMfEZSiZ/SCXq0n6816tz5mowVrvnOA/sj6/AHuyqCe</latexit><latexit sha1_base64="JvWHg5csULCumbslcu9p+wKaBKQ=">AAACF3icbZDNSsNAFIUn9a/Gn1ZdugkWwVVJRFB3RV24rGBsoSllMrltp52ZhJlJpYS8iG71PVyJW5e+hk/g9GehrQcGDufcy1y+MGFUadf9sgorq2vrG8VNe2t7Z7dU3tt/UHEqCfgkZrFshlgBowJ8TTWDZiIB85BBIxxeT/rGCKSisbjX4wTaHPcE7VKCtYk65VJwA0zjIOnTTjYY5J1yxa26UznLxpubCpqr3il/B1FMUg5CE4aVanluotsZlpoSBrkdpAoSTIa4By1jBeag2tn08Nw5NknkdGNpntDONP29kWGu1JiHZpJj3VeL3ST8r2ulunvRzqhIUg2CzD7qpszRsTOh4ERUAtFsbAwmkppbHdLHEhNtWNl2IOCRxJxjEWXBaAQkz4JURCAnmHPbQPIWkSwb/7R6WfXuziq1qzmtIjpER+gEeegc1dAtqiMfEZSiZ/SCXq0n6816tz5mowVrvnOA/sj6/AHuyqCe</latexit><latexit sha1_base64="JvWHg5csULCumbslcu9p+wKaBKQ=">AAACF3icbZDNSsNAFIUn9a/Gn1ZdugkWwVVJRFB3RV24rGBsoSllMrltp52ZhJlJpYS8iG71PVyJW5e+hk/g9GehrQcGDufcy1y+MGFUadf9sgorq2vrG8VNe2t7Z7dU3tt/UHEqCfgkZrFshlgBowJ8TTWDZiIB85BBIxxeT/rGCKSisbjX4wTaHPcE7VKCtYk65VJwA0zjIOnTTjYY5J1yxa26UznLxpubCpqr3il/B1FMUg5CE4aVanluotsZlpoSBrkdpAoSTIa4By1jBeag2tn08Nw5NknkdGNpntDONP29kWGu1JiHZpJj3VeL3ST8r2ulunvRzqhIUg2CzD7qpszRsTOh4ERUAtFsbAwmkppbHdLHEhNtWNl2IOCRxJxjEWXBaAQkz4JURCAnmHPbQPIWkSwb/7R6WfXuziq1qzmtIjpER+gEeegc1dAtqiMfEZSiZ/SCXq0n6816tz5mowVrvnOA/sj6/AHuyqCe</latexit>

signed                , asymmetries, ….

naive 
perturbative

power countingci

�2
<latexit sha1_base64="/rKar5CUvfTTVKEgYg+snSxmOj4=">AAACHHicbVDJSgMxGM641nGry81LsAieyowIKngoePHgoYJVoVNLJvO3DWYZkkylDvMsetX38CReBV/DJzBdDm4fBD6+hfx8ccqZsUHw4U1Nz8zOzZcW/MWl5ZXV8tr6pVGZptCgiit9HRMDnEloWGY5XKcaiIg5XMW3J0P/qg/aMCUv7CCFliBdyTqMEuukdnkzp20WKRfB0ZmrJeRmr2iXK0E1GAH/JeGEVNAE9Xb5M0oUzQ RISzkxphkGqW3lRFtGORR+lBlICb0lXWg6KokA08pH1xd4xykJ7ijtnrR4pH5v5EQYMxCxSwpie+a3NxT/85qZ7Ry2cibTzIKk4486GcdW4eEUOGEaqOUDRwjVzN2KaY9oQq0bzPcjCXdUCUFkkkf9PtAijzKZgB5uXfhupPD3JH9JY696VA3P9yu148laJbSFttEuCtEBqqFTVEcNRNE9ekRP6Nl78F68V+9tHJ3yJp0N9APe+xczc6JE</latexit><latexit sha1_base64="/rKar5CUvfTTVKEgYg+snSxmOj4=">AAACHHicbVDJSgMxGM641nGry81LsAieyowIKngoePHgoYJVoVNLJvO3DWYZkkylDvMsetX38CReBV/DJzBdDm4fBD6+hfx8ccqZsUHw4U1Nz8zOzZcW/MWl5ZXV8tr6pVGZptCgiit9HRMDnEloWGY5XKcaiIg5XMW3J0P/qg/aMCUv7CCFliBdyTqMEuukdnkzp20WKRfB0ZmrJeRmr2iXK0E1GAH/JeGEVNAE9Xb5M0oUzQ RISzkxphkGqW3lRFtGORR+lBlICb0lXWg6KokA08pH1xd4xykJ7ijtnrR4pH5v5EQYMxCxSwpie+a3NxT/85qZ7Ry2cibTzIKk4486GcdW4eEUOGEaqOUDRwjVzN2KaY9oQq0bzPcjCXdUCUFkkkf9PtAijzKZgB5uXfhupPD3JH9JY696VA3P9yu148laJbSFttEuCtEBqqFTVEcNRNE9ekRP6Nl78F68V+9tHJ3yJp0N9APe+xczc6JE</latexit><latexit sha1_base64="/rKar5CUvfTTVKEgYg+snSxmOj4=">AAACHHicbVDJSgMxGM641nGry81LsAieyowIKngoePHgoYJVoVNLJvO3DWYZkkylDvMsetX38CReBV/DJzBdDm4fBD6+hfx8ccqZsUHw4U1Nz8zOzZcW/MWl5ZXV8tr6pVGZptCgiit9HRMDnEloWGY5XKcaiIg5XMW3J0P/qg/aMCUv7CCFliBdyTqMEuukdnkzp20WKRfB0ZmrJeRmr2iXK0E1GAH/JeGEVNAE9Xb5M0oUzQ RISzkxphkGqW3lRFtGORR+lBlICb0lXWg6KokA08pH1xd4xykJ7ijtnrR4pH5v5EQYMxCxSwpie+a3NxT/85qZ7Ry2cibTzIKk4486GcdW4eEUOGEaqOUDRwjVzN2KaY9oQq0bzPcjCXdUCUFkkkf9PtAijzKZgB5uXfhupPD3JH9JY696VA3P9yu148laJbSFttEuCtEBqqFTVEcNRNE9ekRP6Nl78F68V+9tHJ3yJp0N9APe+xczc6JE</latexit><latexit sha1_base64="AN4ZsCOb3BkEC4bwyZbdoZU1wHg=">AAAB+HicbZBPS8MwGMbT+W/WqfPsJTgET6P1ot4ELx4nWDdYy0jTt1tYkpYknYzSu3j1e3gSv4tfw09guu2gmw8EHp4n4X3zi3POtPG8L6extb2zu9fcdw9a7uHRcbv1pLNCUQhoxjM1iIkGziQEhhkOg1wBETGHfjy9q/v+DJRmmXw08xwiQcaSpYwSY6PeqN3xut5CeNP4K9NBK43a32GS0UKANJQTrYe+l5uoJMowyqFyw0 JDTuiUjGForSQCdFQu1qzwuU0SnGbKHmnwIv39oiRC67mI7U1BzESvd3X4XzcsTHodlUzmhQFJl4PSgmOT4frPOGEKqOFzawhVzO6K6YQoQo0l47qhhGeaCUFkUoazGdCqDAuZgKqhVq5l5K8T2TTBZfem6z94qIlO0Rm6QD66QrfoHvVQgChK0Ct6c16cd+djibLhrJieoD9yPn8AraSXaA==</latexit><latexit sha1_base64="eLYQYYSor2ed9VoMMdITjnSxCEA=">AAACEXicbZC7SgNBFIbPene9RbGzGRTBKuzaqJ1gY2ERwWggG8Ps7IkOzmWZmY3EZZ9FW30PK/EBfA2fwMml8PbDwM//n8McvjQX3Loo+gimpmdm5+YXFsOl5ZXVtdr68qXVhWHYZFpo00qpRcEVNh13Alu5QSpTgVfp3cmwv+qjsVyrCzfIsSPpjeI9zqjzUbe2WbIuT7QfIcmZX8vo9X7Vre1E9Wgk8tfEE7MDEzW6tc8k06 yQqBwT1Np2HOWuU1LjOBNYhUlhMafsjt5g21tFJdpOObq+Irs+yUhPG/+UI6P0+0ZJpbUDmfpJSd2t/d0Nw/+6duF6h52Sq7xwqNj4o14hiNNkiIJk3CBzYuANZYb7Wwm7pYYy54GFYaLwnmkpqcrKpN9HVpVJoTI0Q9ZV6CHFv5H8Nc39+lE9Po9gAbZgG/YghgM4hlNoQBMYPMATPMNL8Bi8Bm9jmlPBBOsG/FDw/gU7QKDD</latexit><latexit sha1_base64="eLYQYYSor2ed9VoMMdITjnSxCEA=">AAACEXicbZC7SgNBFIbPene9RbGzGRTBKuzaqJ1gY2ERwWggG8Ps7IkOzmWZmY3EZZ9FW30PK/EBfA2fwMml8PbDwM//n8McvjQX3Loo+gimpmdm5+YXFsOl5ZXVtdr68qXVhWHYZFpo00qpRcEVNh13Alu5QSpTgVfp3cmwv+qjsVyrCzfIsSPpjeI9zqjzUbe2WbIuT7QfIcmZX8vo9X7Vre1E9Wgk8tfEE7MDEzW6tc8k06 yQqBwT1Np2HOWuU1LjOBNYhUlhMafsjt5g21tFJdpOObq+Irs+yUhPG/+UI6P0+0ZJpbUDmfpJSd2t/d0Nw/+6duF6h52Sq7xwqNj4o14hiNNkiIJk3CBzYuANZYb7Wwm7pYYy54GFYaLwnmkpqcrKpN9HVpVJoTI0Q9ZV6CHFv5H8Nc39+lE9Po9gAbZgG/YghgM4hlNoQBMYPMATPMNL8Bi8Bm9jmlPBBOsG/FDw/gU7QKDD</latexit><latexit sha1_base64="hCqNga35ByGDCJSBJlBY317apvA=">AAACHHicbVC7SgNBFJ31GddXfHQ2g0GwCrs2KlgEbCwsIhgTyMYwO3ujg/NYZmYjcdlv0Vb/w0psBX/DL3DyKDR6YOBwHszlxClnxgbBpzczOze/sFha8pdXVtfWyxubV0ZlmkKDKq50KyYGOJPQsMxyaKUaiIg5NOO706Hf7IM2TMlLO0ihI8iNZD1GiXVSt7yd0y6LlIvg6NzVEnJ9UHTLlaAajID/knBCKmiCerf8FSWKZg KkpZwY0w6D1HZyoi2jHAo/ygykhN6RG2g7KokA08lH1xd4zykJ7intnrR4pP5s5EQYMxCxSwpib820NxT/89qZ7R11cibTzIKk4496GcdW4eEUOGEaqOUDRwjVzN2K6S3RhFo3mO9HEu6pEoLIJI/6faBFHmUyAT3cuvDdSOH0JH9J46B6XA0vgkrtZLJWCe2gXbSPQnSIaugM1VEDUfSAntAzevEevVfvzXsfR2e8SWcL/YL38Q0yM6JA</latexit><latexit sha1_base64="/rKar5CUvfTTVKEgYg+snSxmOj4=">AAACHHicbVDJSgMxGM641nGry81LsAieyowIKngoePHgoYJVoVNLJvO3DWYZkkylDvMsetX38CReBV/DJzBdDm4fBD6+hfx8ccqZsUHw4U1Nz8zOzZcW/MWl5ZXV8tr6pVGZptCgiit9HRMDnEloWGY5XKcaiIg5XMW3J0P/qg/aMCUv7CCFliBdyTqMEuukdnkzp20WKRfB0ZmrJeRmr2iXK0E1GAH/JeGEVNAE9Xb5M0oUzQ RISzkxphkGqW3lRFtGORR+lBlICb0lXWg6KokA08pH1xd4xykJ7ijtnrR4pH5v5EQYMxCxSwpie+a3NxT/85qZ7Ry2cibTzIKk4486GcdW4eEUOGEaqOUDRwjVzN2KaY9oQq0bzPcjCXdUCUFkkkf9PtAijzKZgB5uXfhupPD3JH9JY696VA3P9yu148laJbSFttEuCtEBqqFTVEcNRNE9ekRP6Nl78F68V+9tHJ3yJp0N9APe+xczc6JE</latexit><latexit sha1_base64="/rKar5CUvfTTVKEgYg+snSxmOj4=">AAACHHicbVDJSgMxGM641nGry81LsAieyowIKngoePHgoYJVoVNLJvO3DWYZkkylDvMsetX38CReBV/DJzBdDm4fBD6+hfx8ccqZsUHw4U1Nz8zOzZcW/MWl5ZXV8tr6pVGZptCgiit9HRMDnEloWGY5XKcaiIg5XMW3J0P/qg/aMCUv7CCFliBdyTqMEuukdnkzp20WKRfB0ZmrJeRmr2iXK0E1GAH/JeGEVNAE9Xb5M0oUzQ RISzkxphkGqW3lRFtGORR+lBlICb0lXWg6KokA08pH1xd4xykJ7ijtnrR4pH5v5EQYMxCxSwpie+a3NxT/85qZ7Ry2cibTzIKk4486GcdW4eEUOGEaqOUDRwjVzN2KaY9oQq0bzPcjCXdUCUFkkkf9PtAijzKZgB5uXfhupPD3JH9JY696VA3P9yu148laJbSFttEuCtEBqqFTVEcNRNE9ekRP6Nl78F68V+9tHJ3yJp0N9APe+xczc6JE</latexit><latexit sha1_base64="/rKar5CUvfTTVKEgYg+snSxmOj4=">AAACHHicbVDJSgMxGM641nGry81LsAieyowIKngoePHgoYJVoVNLJvO3DWYZkkylDvMsetX38CReBV/DJzBdDm4fBD6+hfx8ccqZsUHw4U1Nz8zOzZcW/MWl5ZXV8tr6pVGZptCgiit9HRMDnEloWGY5XKcaiIg5XMW3J0P/qg/aMCUv7CCFliBdyTqMEuukdnkzp20WKRfB0ZmrJeRmr2iXK0E1GAH/JeGEVNAE9Xb5M0oUzQ RISzkxphkGqW3lRFtGORR+lBlICb0lXWg6KokA08pH1xd4xykJ7ijtnrR4pH5v5EQYMxCxSwpie+a3NxT/85qZ7Ry2cibTzIKk4486GcdW4eEUOGEaqOUDRwjVzN2KaY9oQq0bzPcjCXdUCUFkkkf9PtAijzKZgB5uXfhupPD3JH9JY696VA3P9yu148laJbSFttEuCtEBqqFTVEcNRNE9ekRP6Nl78F68V+9tHJ3yJp0N9APe+xczc6JE</latexit><latexit sha1_base64="/rKar5CUvfTTVKEgYg+snSxmOj4=">AAACHHicbVDJSgMxGM641nGry81LsAieyowIKngoePHgoYJVoVNLJvO3DWYZkkylDvMsetX38CReBV/DJzBdDm4fBD6+hfx8ccqZsUHw4U1Nz8zOzZcW/MWl5ZXV8tr6pVGZptCgiit9HRMDnEloWGY5XKcaiIg5XMW3J0P/qg/aMCUv7CCFliBdyTqMEuukdnkzp20WKRfB0ZmrJeRmr2iXK0E1GAH/JeGEVNAE9Xb5M0oUzQ RISzkxphkGqW3lRFtGORR+lBlICb0lXWg6KokA08pH1xd4xykJ7ijtnrR4pH5v5EQYMxCxSwpie+a3NxT/85qZ7Ry2cibTzIKk4486GcdW4eEUOGEaqOUDRwjVzN2KaY9oQq0bzPcjCXdUCUFkkkf9PtAijzKZgB5uXfhupPD3JH9JY696VA3P9yu148laJbSFttEuCtEBqqFTVEcNRNE9ekRP6Nl78F68V+9tHJ3yJp0N9APe+xczc6JE</latexit><latexit sha1_base64="/rKar5CUvfTTVKEgYg+snSxmOj4=">AAACHHicbVDJSgMxGM641nGry81LsAieyowIKngoePHgoYJVoVNLJvO3DWYZkkylDvMsetX38CReBV/DJzBdDm4fBD6+hfx8ccqZsUHw4U1Nz8zOzZcW/MWl5ZXV8tr6pVGZptCgiit9HRMDnEloWGY5XKcaiIg5XMW3J0P/qg/aMCUv7CCFliBdyTqMEuukdnkzp20WKRfB0ZmrJeRmr2iXK0E1GAH/JeGEVNAE9Xb5M0oUzQ RISzkxphkGqW3lRFtGORR+lBlICb0lXWg6KokA08pH1xd4xykJ7ijtnrR4pH5v5EQYMxCxSwpie+a3NxT/85qZ7Ry2cibTzIKk4486GcdW4eEUOGEaqOUDRwjVzN2KaY9oQq0bzPcjCXdUCUFkkkf9PtAijzKZgB5uXfhupPD3JH9JY696VA3P9yu148laJbSFttEuCtEBqqFTVEcNRNE9ekRP6Nl78F68V+9tHJ3yJp0N9APe+xczc6JE</latexit><latexit sha1_base64="/rKar5CUvfTTVKEgYg+snSxmOj4=">AAACHHicbVDJSgMxGM641nGry81LsAieyowIKngoePHgoYJVoVNLJvO3DWYZkkylDvMsetX38CReBV/DJzBdDm4fBD6+hfx8ccqZsUHw4U1Nz8zOzZcW/MWl5ZXV8tr6pVGZptCgiit9HRMDnEloWGY5XKcaiIg5XMW3J0P/qg/aMCUv7CCFliBdyTqMEuukdnkzp20WKRfB0ZmrJeRmr2iXK0E1GAH/JeGEVNAE9Xb5M0oUzQ RISzkxphkGqW3lRFtGORR+lBlICb0lXWg6KokA08pH1xd4xykJ7ijtnrR4pH5v5EQYMxCxSwpie+a3NxT/85qZ7Ry2cibTzIKk4486GcdW4eEUOGEaqOUDRwjVzN2KaY9oQq0bzPcjCXdUCUFkkkf9PtAijzKZgB5uXfhupPD3JH9JY696VA3P9yu148laJbSFttEuCtEBqqFTVEcNRNE9ekRP6Nl78F68V+9tHJ3yJp0N9APe+xczc6JE</latexit>
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�4
<latexit sha1_base64="AomV0i5yxBcAK14lwrV/HE7G4ns=">AAACHnicbVDLSgMxFM34rOOrKrhxEyyCqzIjBRVcFNy4cFHBqtCpJZO5bYN5DEmmUsb5GN3qf7gSt/obfoFp7cLXgcDhPMjlxClnxgbBuzc1PTM7N19a8BeXlldWy2vrF0ZlmkKTKq70VUwMcCahaZnlcJVqICLmcBnfHI/8ywFow5Q8t8MU2oL0JOsySqyTOuXNnHbY9V6kXAhHp66YkOta0SlXgmowBv5LwgmpoAkanfJHlCiaCZCWcmJMKwxS286JtoxyKPwoM5ASekN60HJUEgGmnY/vL/COUxLcVdo9afFY/d7IiTBmKGKXFMT2zW9vJP7ntTLbPWjnTKaZBUm/PupmHFuFR2PghGmglg8dIVQzdyumfaIJtW4y348k3FIlBJFJHg0GQIs8ymQCerR24buRwt+T/CXNvephNTyrVepHk7VKaAtto10Uon1URyeogZqIojv0gB7Rk3fvPXsv3utXdMqbdDbQD3hvn3m2ouo=</latexit><latexit sha1_base64="AomV0i5yxBcAK14lwrV/HE7G4ns=">AAACHnicbVDLSgMxFM34rOOrKrhxEyyCqzIjBRVcFNy4cFHBqtCpJZO5bYN5DEmmUsb5GN3qf7gSt/obfoFp7cLXgcDhPMjlxClnxgbBuzc1PTM7N19a8BeXlldWy2vrF0ZlmkKTKq70VUwMcCahaZnlcJVqICLmcBnfHI/8ywFow5Q8t8MU2oL0JOsySqyTOuXNnHbY9V6kXAhHp66YkOta0SlXgmowBv5LwgmpoAkanfJHlCiaCZCWcmJMKwxS286JtoxyKPwoM5ASekN60HJUEgGmnY/vL/COUxLcVdo9afFY/d7IiTBmKGKXFMT2zW9vJP7ntTLbPWjnTKaZBUm/PupmHFuFR2PghGmglg8dIVQzdyumfaIJtW4y348k3FIlBJFJHg0GQIs8ymQCerR24buRwt+T/CXNvephNTyrVepHk7VKaAtto10Uon1URyeogZqIojv0gB7Rk3fvPXsv3utXdMqbdDbQD3hvn3m2ouo=</latexit><latexit sha1_base64="AomV0i5yxBcAK14lwrV/HE7G4ns=">AAACHnicbVDLSgMxFM34rOOrKrhxEyyCqzIjBRVcFNy4cFHBqtCpJZO5bYN5DEmmUsb5GN3qf7gSt/obfoFp7cLXgcDhPMjlxClnxgbBuzc1PTM7N19a8BeXlldWy2vrF0ZlmkKTKq70VUwMcCahaZnlcJVqICLmcBnfHI/8ywFow5Q8t8MU2oL0JOsySqyTOuXNnHbY9V6kXAhHp66YkOta0SlXgmowBv5LwgmpoAkanfJHlCiaCZCWcmJMKwxS286JtoxyKPwoM5ASekN60HJUEgGmnY/vL/COUxLcVdo9afFY/d7IiTBmKGKXFMT2zW9vJP7ntTLbPWjnTKaZBUm/PupmHFuFR2PghGmglg8dIVQzdyumfaIJtW4y348k3FIlBJFJHg0GQIs8ymQCerR24buRwt+T/CXNvephNTyrVepHk7VKaAtto10Uon1URyeogZqIojv0gB7Rk3fvPXsv3utXdMqbdDbQD3hvn3m2ouo=</latexit><latexit sha1_base64="AomV0i5yxBcAK14lwrV/HE7G4ns=">AAACHnicbVDLSgMxFM34rOOrKrhxEyyCqzIjBRVcFNy4cFHBqtCpJZO5bYN5DEmmUsb5GN3qf7gSt/obfoFp7cLXgcDhPMjlxClnxgbBuzc1PTM7N19a8BeXlldWy2vrF0ZlmkKTKq70VUwMcCahaZnlcJVqICLmcBnfHI/8ywFow5Q8t8MU2oL0JOsySqyTOuXNnHbY9V6kXAhHp66YkOta0SlXgmowBv5LwgmpoAkanfJHlCiaCZCWcmJMKwxS286JtoxyKPwoM5ASekN60HJUEgGmnY/vL/COUxLcVdo9afFY/d7IiTBmKGKXFMT2zW9vJP7ntTLbPWjnTKaZBUm/PupmHFuFR2PghGmglg8dIVQzdyumfaIJtW4y348k3FIlBJFJHg0GQIs8ymQCerR24buRwt+T/CXNvephNTyrVepHk7VKaAtto10Uon1URyeogZqIojv0gB7Rk3fvPXsv3utXdMqbdDbQD3hvn3m2ouo=</latexit>
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servables, whereas kinematic information such as trans-
verse momentum distributions are instead used to con-
strain CP-even operators.

We find that there is a small asymmetry in two CP-
sensitive measurements of the signed azimuthal angle be-
tween the hadronic jets in h + 2 jet events, with a com-
bined value of 0.3 ± 0.2. However, we also find that the
current data cannot distinguish between di↵erent sources
of CP violation, with three blind directions when one
considers the four CP-odd operators that cause anoma-
lous Higgs boson interactions with weak bosons or glu-
ons. We then demonstrate how the blind directions in
the CP-odd coupling space can be removed using ob-
servables that can already be measured with the existing
LHC datasets. Building on these insights, we provide
projections for the upcoming LHC Run-3 and HL-LHC,
where the available dataset will increase by factors of 10
and 100, respectively.

The paper is organised as follows. We motivate the lin-
earised dimension-6 e↵ective field theory in Sec. II. Sec-
tion III provides an overview of technical aspects of our
analysis. The constraints on EFT operators obtained by
fits to published model-independent data are presented
in Sec. IV. We propose new measurements to be made in
Sec. V and show their expected impact on constraining
the di↵erent sources of CP violation in the Higgs sector.
Finally, we conclude in Sec. VI.

II. THEORETICAL FRAMEWORK

New CP-violating e↵ects in the Higgs boson’s inter-
actions with gluons or weak bosons can be introduced
through a minimal set of CP-odd dimension-6 opera-
tors [24]:

O
HG̃

= H†HGaµ⌫G̃a

µ⌫
, (1a)

O
HW̃

= H†HW aµ⌫W̃ a

µ⌫
, (1b)

O
HB̃

= H†HBµ⌫B̃µ⌫ , (1c)

O
HW̃B

= H†⌧aHBµ⌫W̃
aµ⌫ , (1d)

where H is the Higgs doublet and G,W,B are the
SU(3) ⇥ SU(2) ⇥ U(1) field strength tensors. The ⌧a

are the SU(2) generators. Fields with a tilde are the
dual tensors, e.g. G̃a

µ⌫
= "abcGbc

µ⌫
/2.

These operators could originate from complex phases
in the interactions between the Higgs boson and heavy
fermions, whose masses are far above the electroweak
scale. Additional complex phases in the SM Yukawa sec-
tor would be another source of CP-violation, e.g. in the
tt̄h interaction [25–28]. Any kinematic e↵ect from this in-
teraction would be degenerate with O

HG̃
in gluon-fusion

production as long as the mt threshold is not resolved
kinematically, which does not happen for our choice of
measurements. An associated blind direction is therefore
implied in our constraints.

The operators of Eq. (1) are well-motivated candidate
interactions for our analysis. They are closed under RGE
flow [29–33], allowing well-defined constraints. Further,
the small number of operators can be probed with a few
di↵erential distributions.
For completeness, analogous CP-even deformations to

the SM are also introduced (OHG, OHW , OHB , OHWB).
The e↵ective Lagrangian is then defined as

L = LSM +
X

i

ci
⇤2

Oi (2)

where the sum runs over the CP-even and CP-odd op-
erators. This allows us to split the amplitude into an
SM part, MSM, and a genuine dimension-6 part, Md6.
Including all dimension-6 e↵ects yields

|M|
2 = |MSM|

2 + 2Re (M?

SMMd6) +O(⇤�4). (3)

The integration over interference terms (proportional to
1/⇤2) vanishes when only CP-odd EFT operators con-
tribute [34] at dimension-6 because the SM amplitude is
CP-even and the integrated e↵ect of interfering the SM
amplitude with a CP-odd amplitude is zero. This means
that there is no contribution from the interference term
to the inclusive rate, or to CP-even observables such as
transverse momenta and invariant masses, and the only
contribution is to appropriately constructed CP-odd ob-
servables. This is not the case for terms proportional to
1/⇤4, which contain the squared dimension-6 amplitude
and produce a CP-even e↵ect regardless of the nature
of the operator. This has historically served as a moti-
vation to constrain CP-odd operators with momentum-
dependent observables in a range of production modes
[26, 28, 35–43]. However, such an approach is model-
dependent since it neglects dimension-8 operators that
interfere with the SM and in general produce similar
O(1/⇤4) e↵ects.
In this paper we limit ourselves to interference-only

e↵ects so the constraints on CP-odd operators will be
entirely derived from CP-odd observables, which are dis-
cussed in the next section. This approach is naturally
less sensitive compared to including |Md6|

2 terms so it
provides a conservative outlook into the future: if pertur-
batively meaningful constraints can be obtained in the
linearised approach, these will only be strengthened if
|Md6|

2 terms are included.
The interference-only contribution from each operator

to each observable is constructed using Madgraph5 [44]
and the SMEFT implementation of Ref. [45]. Event sam-
ples are produced separately for gluon-fusion and weak-
boson-fusion production at fixed values of ci = 1 and
⇤ = 1 TeV. These parton-level events are passed to
Pythia8 [46] to model the Higgs-boson decay, parton
showering, hadronisation and multiple parton interac-
tions. Rivet [47] is then used to select events in each
decay channel and to construct each observable accord-
ing to the selection criteria published in the experimen-
tal papers. The cross-section contribution in each bin

+ Yukawa phases
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Constraining P- and CP-violating interactions in dimension six e↵ective field theory requires lifting
degeneracies in the multi-dimensional coupling space. Furthermore, when employing the linearised
EFT approach where only interference contributions with the SM are considered, the number of
observables that provide genuine discriminating power of such interactions is limited. In this work,
we consider Higgs production from gluon fusion in association with two jets and top-pair associated
Higgs production and discuss how genuinely CP-sensitive observables can be improved by exploiting
the top-threshold. While the improvement can be statistics-limited through clean tt̄h final states
at the LHC, we show that one can expect large improvements when turning to 27 TeV or 100 TeV
collisions. In passing, we also discuss the benefits of an top-threshold-assisted approach for analyses
that include squared dimension six interactions.

I. INTRODUCTION

The search for new physics beyond the Standard Model
(SM) is a central task of the Large Hadron Collider
(LHC). With established and motivated models under
increasing pressure as more data get scrutinised, phe-
nomenological analyses have turned to largely model-
independent measurement and interpretation strategies
adopting the framework of SM e↵ective field theory
(EFT) [1–5]. SMEFT as a theoretical framework has
undergone a rapid development over the past years,
e.g. [6–13].

EFTs facilitate the communication between the weak
or measurement scale, and a UV completion that the
EFT approach would like to see itself contrasted with. As
the UV completion of the SM is currently unknown, the
leading operator dimension six deformations of the SM
imply 2499 independent parameters [14] that should be
considered as a priori free when we would like to constrain
generic beyond the SM (BSM) physics that is su�ciently
close to the decoupling limit to justify the dimension six
approach.

Established phenomena such as the observed matter–
anti-matter asymmetry, however, provide us a hint where
motivated physics might be found, without making too
many assumptions about the precise form of the UV com-
pletion itself. For instance, Sakharov’s criteria [15] of
baryogenesis motivate the direct search for CP-violating
e↵ects on top of the CP-violating sources in the SM,
which are insu�cient to account for the observed matter–
anti-matter asymmetry. As the only source of CP viola-
tion in the SM is associated with the fermion-Higgs inter-
actions, the Higgs sector naturally assumes a central role
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in such a search, in particular because its precise form is
a lot less well-constrained compared to the gauge sectors.
CP-violating e↵ects associated with ”genuine” dimen-

sion six e↵ects, i.e. contributions that arise from the
interference of SM contribution with dimension six oper-
ators is limited to genuine CP-odd observables, and more
specifically asymmetries thereof [16, 17]. In the context
of Higgs physics these are the so-called signed �jj [18]
(see also [19–23]) in gluon and weak boson fusion. Such
a definition can be adopted to top quark-associated pro-
duction as well, as discussed in detail recently in Ref. [24].
Working in the dimension six linearised approxima-

tion, these asymmetries are the only phenomenological
e↵ects that are present; the interference cancels identi-
cally for any CP-even observable. This, in particular,
includes total cross sections and decay widths as well as
momentum transfer-dependent observables such as the
transverse momentum of the Higgs boson in these pro-
cesses.
The latter implies a potential issue of CP-analyses in

the Higgs sector. Gluon fusion in association with 2 jets
receives corrections from both

Õg =
↵s

8⇡v
G

a
µ⌫G̃

a µ⌫
h,

Õt = it̄�5th ,

(1)

where t denotes the top quark, G
a
µ⌫ is the gluon field

strength with dual G̃
µ⌫ = ✏

µ⌫⇢�
G⇢�/2, h represents the

physical Higgs boson with mass mh = 125 GeV and
v = 246 GeV is the Higgs’ vacuum expectation value.
The normalisation of Õg corresponds to integrating out
the top quark with CP-odd couplings with Yukawa cou-
pling size

p
2mt/v in the limit mt ! 1 [25–27]. In the

following we will denote c̃g, c̃t as the corresponding Wil-
son coe�cients of Eq. (1).
It is well known that the mt-associated threshold ef-

fects allow us to di↵erentiate between these parameters in
their CP-even manifestation using momentum transfer-
dependent observables [28–35]. Together with the infor-
mation from top quark-associated Higgs production, this

top quark

4

Coe�cient
⇥
TeV�2

⇤
Constraint

c
HG̃

/⇤2 [ -0.19 , 0.03 ]
c
HW̃

/⇤2 [ -3 , 16 ]
c
HB̃

/⇤2 [ -2900 , 3300 ]
c
HW̃B

/⇤2 [ -730 , 160 ]

TABLE I: Constraints on Wilson coe�cients for each EFT
operator, in units of TeV�2, when all other Wilson coe�cients
are set to zero.

Coe�cient(s) Variable(s) �
2 / ndf

c
HG̃

/⇤2 ��jj 3.5 / 5
c
HW̃

/⇤2 ��jj 3.6 / 5
c
HB̃

/⇤2 ��jj 5.5 / 5
c
HW̃B

/⇤2 ��jj 3.9 / 5
c
HW̃

/⇤2 : c
HG̃

/⇤2 ��jj 3.3 / 4
c
HW̃B

/⇤2 : c
HW̃

/⇤2 ��jj 3.5 / 4
cHW /⇤2 : cHG/⇤

2 ��jj , Njets 7.6 / 8
cHW /⇤2 : cHB/⇤

2 ��jj , Njets 6.5 / 8

TABLE II: Summary of the fit quality for all one-dimensional
and two-dimensional fits of Wilson coe�cients to existing
measurements. The �

2 values are calculated from the max-
imised likelihood shown in Eq. 4. The corresponding SM hy-
potheses have �

2
SM = 5.5 and �

2
SM = 8.2 for fits to the ��jj

only and to the combined ��jj and Njets data, respectively.

other CP-odd operators. This is because only the O
HG̃

operator a↵ects gluon-fusion production, and WWh in-
teractions dominate the weak-boson-fusion contribution.
To constrain the O

HB̃
and O

HW̃B
operators we need ob-

servables dominated by Higgs interactions with the Z
boson; we will discuss such observables in Sec. V.

The correlation between the leading operators a↵ecting
gluon fusion and vector-boson fusion are shown in Fig. 1
(top) and between two operators a↵ecting the vector bo-
son fusion process in Fig. 1 (bottom). As expected, the
constraints on the operators are highly correlated due to
having only one input observable and three blind direc-
tions in the CP-odd coupling space. The correlation be-
tween operators a↵ecting gluon fusion and vector-boson
fusion could be reduced by separating the ��jj mea-
surements into regions that enhance either gluon fusion
or vector-boson fusion. We will discuss such a possibility
in Sec. V.

Finally, although CP-even observables do not help with
understanding possible sources of CP-violation, they pro-
vide information on associated operators in the EFT. If
one of the CP-odd operators in Table I were shown to
be non-zero, one would clearly want to know the allowed
values of the corresponding CP-even operator. Figure 2
shows the constraints on the CP-even operators that can
be obtained from the ��jj distribution, and the signifi-
cant additional constraining power of the jet multiplicity
distribution (Njets) measured by ATLAS in the h ! ��
and h ! ZZ⇤

! 4` decay channels. The lower part
of Table II summarises the results of combined fits of
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FIG. 1: Constraints on the coe�cients of the CP-odd op-
erators from data when setting all other Wilson coe�cients
to zero. Contours are presented when using only the signed
��jj distributions. Inner and outer shaded regions represent
the 68.3% and 95.5% CI, respectively.

CP-even Wilson coe�cients to the ��jj and Njets distri-
butions.

In contrast to the CP-odd operators, the net e↵ect of
the interference between MSM and Md6 is non-zero for
CP-even operators, so rate and kinematic information
can be used to significantly constrain the corresponding
Wilson coe�cients. Figure 2 (top) shows that the OHG

operator can be untangled easily from OHW , because op-
erators a↵ecting gluon fusion production have the same
impact in both decay channels, whereas operators af-
fecting the Higgs interaction with weak bosons are most
tightly constrained by the h ! �� branching ratio. Blind
directions still exist, however, when constraining two op-
erators that a↵ect the h ! �� branching ratio, as shown
in Figure 2 (bottom). In a global analysis with other
Higgs-boson measurements, all of these operators will be
more tightly constrained. We emphasise that the abil-
ity to constrain the CP-odd couplings using CP-sensitive
observables will not be a↵ected by blind directions in the
CP-even coupling space.

[ATLAS 1708.02810; 1802.04146]

• fit uses ATLAS results for 
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• small stats/observables = 
blind directions for decay 
vs production

• non-significant asymmetry     
0.3±0.2
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servables, whereas kinematic information such as trans-
verse momentum distributions are instead used to con-
strain CP-even operators.

We find that there is a small asymmetry in two CP-
sensitive measurements of the signed azimuthal angle be-
tween the hadronic jets in h + 2 jet events, with a com-
bined value of 0.3 ± 0.2. However, we also find that the
current data cannot distinguish between di↵erent sources
of CP violation, with three blind directions when one
considers the four CP-odd operators that cause anoma-
lous Higgs boson interactions with weak bosons or glu-
ons. We then demonstrate how the blind directions in
the CP-odd coupling space can be removed using ob-
servables that can already be measured with the existing
LHC datasets. Building on these insights, we provide
projections for the upcoming LHC Run-3 and HL-LHC,
where the available dataset will increase by factors of 10
and 100, respectively.

The paper is organised as follows. We motivate the lin-
earised dimension-6 e↵ective field theory in Sec. II. Sec-
tion III provides an overview of technical aspects of our
analysis. The constraints on EFT operators obtained by
fits to published model-independent data are presented
in Sec. IV. We propose new measurements to be made in
Sec. V and show their expected impact on constraining
the di↵erent sources of CP violation in the Higgs sector.
Finally, we conclude in Sec. VI.

II. THEORETICAL FRAMEWORK

New CP-violating e↵ects in the Higgs boson’s inter-
actions with gluons or weak bosons can be introduced
through a minimal set of CP-odd dimension-6 opera-
tors [24]:

O
HG̃

= H†HGaµ⌫G̃a

µ⌫
, (1a)

O
HW̃

= H†HW aµ⌫W̃ a

µ⌫
, (1b)

O
HB̃

= H†HBµ⌫B̃µ⌫ , (1c)

O
HW̃B

= H†⌧aHBµ⌫W̃
aµ⌫ , (1d)

where H is the Higgs doublet and G,W,B are the
SU(3) ⇥ SU(2) ⇥ U(1) field strength tensors. The ⌧a

are the SU(2) generators. Fields with a tilde are the
dual tensors, e.g. G̃a

µ⌫
= "abcGbc

µ⌫
/2.

These operators could originate from complex phases
in the interactions between the Higgs boson and heavy
fermions, whose masses are far above the electroweak
scale. Additional complex phases in the SM Yukawa sec-
tor would be another source of CP-violation, e.g. in the
tt̄h interaction [25–28]. Any kinematic e↵ect from this in-
teraction would be degenerate with O

HG̃
in gluon-fusion

production as long as the mt threshold is not resolved
kinematically, which does not happen for our choice of
measurements. An associated blind direction is therefore
implied in our constraints.

The operators of Eq. (1) are well-motivated candidate
interactions for our analysis. They are closed under RGE
flow [29–33], allowing well-defined constraints. Further,
the small number of operators can be probed with a few
di↵erential distributions.
For completeness, analogous CP-even deformations to

the SM are also introduced (OHG, OHW , OHB , OHWB).
The e↵ective Lagrangian is then defined as

L = LSM +
X

i

ci
⇤2

Oi (2)

where the sum runs over the CP-even and CP-odd op-
erators. This allows us to split the amplitude into an
SM part, MSM, and a genuine dimension-6 part, Md6.
Including all dimension-6 e↵ects yields

|M|
2 = |MSM|

2 + 2Re (M?

SMMd6) +O(⇤�4). (3)

The integration over interference terms (proportional to
1/⇤2) vanishes when only CP-odd EFT operators con-
tribute [34] at dimension-6 because the SM amplitude is
CP-even and the integrated e↵ect of interfering the SM
amplitude with a CP-odd amplitude is zero. This means
that there is no contribution from the interference term
to the inclusive rate, or to CP-even observables such as
transverse momenta and invariant masses, and the only
contribution is to appropriately constructed CP-odd ob-
servables. This is not the case for terms proportional to
1/⇤4, which contain the squared dimension-6 amplitude
and produce a CP-even e↵ect regardless of the nature
of the operator. This has historically served as a moti-
vation to constrain CP-odd operators with momentum-
dependent observables in a range of production modes
[26, 28, 35–43]. However, such an approach is model-
dependent since it neglects dimension-8 operators that
interfere with the SM and in general produce similar
O(1/⇤4) e↵ects.
In this paper we limit ourselves to interference-only

e↵ects so the constraints on CP-odd operators will be
entirely derived from CP-odd observables, which are dis-
cussed in the next section. This approach is naturally
less sensitive compared to including |Md6|

2 terms so it
provides a conservative outlook into the future: if pertur-
batively meaningful constraints can be obtained in the
linearised approach, these will only be strengthened if
|Md6|

2 terms are included.
The interference-only contribution from each operator

to each observable is constructed using Madgraph5 [44]
and the SMEFT implementation of Ref. [45]. Event sam-
ples are produced separately for gluon-fusion and weak-
boson-fusion production at fixed values of ci = 1 and
⇤ = 1 TeV. These parton-level events are passed to
Pythia8 [46] to model the Higgs-boson decay, parton
showering, hadronisation and multiple parton interac-
tions. Rivet [47] is then used to select events in each
decay channel and to construct each observable accord-
ing to the selection criteria published in the experimen-
tal papers. The cross-section contribution in each bin

+ Yukawa phases
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Constraining P- and CP-violating interactions in dimension six e↵ective field theory requires lifting
degeneracies in the multi-dimensional coupling space. Furthermore, when employing the linearised
EFT approach where only interference contributions with the SM are considered, the number of
observables that provide genuine discriminating power of such interactions is limited. In this work,
we consider Higgs production from gluon fusion in association with two jets and top-pair associated
Higgs production and discuss how genuinely CP-sensitive observables can be improved by exploiting
the top-threshold. While the improvement can be statistics-limited through clean tt̄h final states
at the LHC, we show that one can expect large improvements when turning to 27 TeV or 100 TeV
collisions. In passing, we also discuss the benefits of an top-threshold-assisted approach for analyses
that include squared dimension six interactions.

I. INTRODUCTION

The search for new physics beyond the Standard Model
(SM) is a central task of the Large Hadron Collider
(LHC). With established and motivated models under
increasing pressure as more data get scrutinised, phe-
nomenological analyses have turned to largely model-
independent measurement and interpretation strategies
adopting the framework of SM e↵ective field theory
(EFT) [1–5]. SMEFT as a theoretical framework has
undergone a rapid development over the past years,
e.g. [6–13].

EFTs facilitate the communication between the weak
or measurement scale, and a UV completion that the
EFT approach would like to see itself contrasted with. As
the UV completion of the SM is currently unknown, the
leading operator dimension six deformations of the SM
imply 2499 independent parameters [14] that should be
considered as a priori free when we would like to constrain
generic beyond the SM (BSM) physics that is su�ciently
close to the decoupling limit to justify the dimension six
approach.

Established phenomena such as the observed matter–
anti-matter asymmetry, however, provide us a hint where
motivated physics might be found, without making too
many assumptions about the precise form of the UV com-
pletion itself. For instance, Sakharov’s criteria [15] of
baryogenesis motivate the direct search for CP-violating
e↵ects on top of the CP-violating sources in the SM,
which are insu�cient to account for the observed matter–
anti-matter asymmetry. As the only source of CP viola-
tion in the SM is associated with the fermion-Higgs inter-
actions, the Higgs sector naturally assumes a central role

⇤
Electronic address: christoph.englert@glasgow.ac.uk

†
Electronic address: peter.galler@glasgow.ac.uk

‡
Electronic address: andrew.pilkington@manchester.ac.uk

§
Electronic address: michael.spannowsky@durham.ac.uk

in such a search, in particular because its precise form is
a lot less well-constrained compared to the gauge sectors.
CP-violating e↵ects associated with ”genuine” dimen-

sion six e↵ects, i.e. contributions that arise from the
interference of SM contribution with dimension six oper-
ators is limited to genuine CP-odd observables, and more
specifically asymmetries thereof [16, 17]. In the context
of Higgs physics these are the so-called signed �jj [18]
(see also [19–23]) in gluon and weak boson fusion. Such
a definition can be adopted to top quark-associated pro-
duction as well, as discussed in detail recently in Ref. [24].
Working in the dimension six linearised approxima-

tion, these asymmetries are the only phenomenological
e↵ects that are present; the interference cancels identi-
cally for any CP-even observable. This, in particular,
includes total cross sections and decay widths as well as
momentum transfer-dependent observables such as the
transverse momentum of the Higgs boson in these pro-
cesses.
The latter implies a potential issue of CP-analyses in

the Higgs sector. Gluon fusion in association with 2 jets
receives corrections from both

Õg =
↵s

8⇡v
G

a
µ⌫G̃

a µ⌫
h,

Õt = it̄�5th ,

(1)

where t denotes the top quark, G
a
µ⌫ is the gluon field

strength with dual G̃
µ⌫ = ✏

µ⌫⇢�
G⇢�/2, h represents the

physical Higgs boson with mass mh = 125 GeV and
v = 246 GeV is the Higgs’ vacuum expectation value.
The normalisation of Õg corresponds to integrating out
the top quark with CP-odd couplings with Yukawa cou-
pling size

p
2mt/v in the limit mt ! 1 [25–27]. In the

following we will denote c̃g, c̃t as the corresponding Wil-
son coe�cients of Eq. (1).
It is well known that the mt-associated threshold ef-

fects allow us to di↵erentiate between these parameters in
their CP-even manifestation using momentum transfer-
dependent observables [28–35]. Together with the infor-
mation from top quark-associated Higgs production, this
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FIG. 3: Left: Individual constraints on the coe�cients of the leading CP-violating operators a↵ecting gluon fusion (O
HG̃

) and
vector-boson fusion (O

HW̃
). The blind direction resulting from inclusive ��jj measurements is resolved through the use of

VBF-enhanced and VBF-suppressed kinematic regions. Right: Individual constraints on two CP-violating interactions a↵ecting
vector-boson fusion (O

HW̃
and O

HB̃
). Inner and outer shaded regions represent the 68.3% and 95.5% CI, respectively.
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FIG. 4: Individual constraints on two CP-violating interactions a↵ecting a↵ecting gluon fusion (O
HG̃

) and vector-boson
fusion (O

HW̃
) (left) and a↵ecting vector-boson fusion (O

HW̃
and O

HB̃
) (right). The top row shows the 2D constraints after

marginalising over other CP-odd operators with the constraint that the associated Wilson coe�cients satisfy the condition in
Eq. (9). The bottom row shows the same 2D constraints after marginalisation over other CP-odd operators, with no conditions
on the size of the Wilson coe�cients. Inner and outer shaded regions represent the 68.3% and 95.5% CI, respectively.

…ignore them for now…

‣ the linearised upshot
= ÕG
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servables, whereas kinematic information such as trans-
verse momentum distributions are instead used to con-
strain CP-even operators.

We find that there is a small asymmetry in two CP-
sensitive measurements of the signed azimuthal angle be-
tween the hadronic jets in h + 2 jet events, with a com-
bined value of 0.3 ± 0.2. However, we also find that the
current data cannot distinguish between di↵erent sources
of CP violation, with three blind directions when one
considers the four CP-odd operators that cause anoma-
lous Higgs boson interactions with weak bosons or glu-
ons. We then demonstrate how the blind directions in
the CP-odd coupling space can be removed using ob-
servables that can already be measured with the existing
LHC datasets. Building on these insights, we provide
projections for the upcoming LHC Run-3 and HL-LHC,
where the available dataset will increase by factors of 10
and 100, respectively.

The paper is organised as follows. We motivate the lin-
earised dimension-6 e↵ective field theory in Sec. II. Sec-
tion III provides an overview of technical aspects of our
analysis. The constraints on EFT operators obtained by
fits to published model-independent data are presented
in Sec. IV. We propose new measurements to be made in
Sec. V and show their expected impact on constraining
the di↵erent sources of CP violation in the Higgs sector.
Finally, we conclude in Sec. VI.

II. THEORETICAL FRAMEWORK

New CP-violating e↵ects in the Higgs boson’s inter-
actions with gluons or weak bosons can be introduced
through a minimal set of CP-odd dimension-6 opera-
tors [24]:

O
HG̃

= H†HGaµ⌫G̃a

µ⌫
, (1a)

O
HW̃

= H†HW aµ⌫W̃ a

µ⌫
, (1b)

O
HB̃

= H†HBµ⌫B̃µ⌫ , (1c)

O
HW̃B

= H†⌧aHBµ⌫W̃
aµ⌫ , (1d)

where H is the Higgs doublet and G,W,B are the
SU(3) ⇥ SU(2) ⇥ U(1) field strength tensors. The ⌧a

are the SU(2) generators. Fields with a tilde are the
dual tensors, e.g. G̃a

µ⌫
= "abcGbc

µ⌫
/2.

These operators could originate from complex phases
in the interactions between the Higgs boson and heavy
fermions, whose masses are far above the electroweak
scale. Additional complex phases in the SM Yukawa sec-
tor would be another source of CP-violation, e.g. in the
tt̄h interaction [25–28]. Any kinematic e↵ect from this in-
teraction would be degenerate with O

HG̃
in gluon-fusion

production as long as the mt threshold is not resolved
kinematically, which does not happen for our choice of
measurements. An associated blind direction is therefore
implied in our constraints.

The operators of Eq. (1) are well-motivated candidate
interactions for our analysis. They are closed under RGE
flow [29–33], allowing well-defined constraints. Further,
the small number of operators can be probed with a few
di↵erential distributions.
For completeness, analogous CP-even deformations to

the SM are also introduced (OHG, OHW , OHB , OHWB).
The e↵ective Lagrangian is then defined as

L = LSM +
X

i

ci
⇤2

Oi (2)

where the sum runs over the CP-even and CP-odd op-
erators. This allows us to split the amplitude into an
SM part, MSM, and a genuine dimension-6 part, Md6.
Including all dimension-6 e↵ects yields

|M|
2 = |MSM|

2 + 2Re (M?

SMMd6) +O(⇤�4). (3)

The integration over interference terms (proportional to
1/⇤2) vanishes when only CP-odd EFT operators con-
tribute [34] at dimension-6 because the SM amplitude is
CP-even and the integrated e↵ect of interfering the SM
amplitude with a CP-odd amplitude is zero. This means
that there is no contribution from the interference term
to the inclusive rate, or to CP-even observables such as
transverse momenta and invariant masses, and the only
contribution is to appropriately constructed CP-odd ob-
servables. This is not the case for terms proportional to
1/⇤4, which contain the squared dimension-6 amplitude
and produce a CP-even e↵ect regardless of the nature
of the operator. This has historically served as a moti-
vation to constrain CP-odd operators with momentum-
dependent observables in a range of production modes
[26, 28, 35–43]. However, such an approach is model-
dependent since it neglects dimension-8 operators that
interfere with the SM and in general produce similar
O(1/⇤4) e↵ects.
In this paper we limit ourselves to interference-only

e↵ects so the constraints on CP-odd operators will be
entirely derived from CP-odd observables, which are dis-
cussed in the next section. This approach is naturally
less sensitive compared to including |Md6|

2 terms so it
provides a conservative outlook into the future: if pertur-
batively meaningful constraints can be obtained in the
linearised approach, these will only be strengthened if
|Md6|

2 terms are included.
The interference-only contribution from each operator

to each observable is constructed using Madgraph5 [44]
and the SMEFT implementation of Ref. [45]. Event sam-
ples are produced separately for gluon-fusion and weak-
boson-fusion production at fixed values of ci = 1 and
⇤ = 1 TeV. These parton-level events are passed to
Pythia8 [46] to model the Higgs-boson decay, parton
showering, hadronisation and multiple parton interac-
tions. Rivet [47] is then used to select events in each
decay channel and to construct each observable accord-
ing to the selection criteria published in the experimen-
tal papers. The cross-section contribution in each bin
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Constraining P- and CP-violating interactions in dimension six e↵ective field theory requires lifting
degeneracies in the multi-dimensional coupling space. Furthermore, when employing the linearised
EFT approach where only interference contributions with the SM are considered, the number of
observables that provide genuine discriminating power of such interactions is limited. In this work,
we consider Higgs production from gluon fusion in association with two jets and top-pair associated
Higgs production and discuss how genuinely CP-sensitive observables can be improved by exploiting
the top-threshold. While the improvement can be statistics-limited through clean tt̄h final states
at the LHC, we show that one can expect large improvements when turning to 27 TeV or 100 TeV
collisions. In passing, we also discuss the benefits of an top-threshold-assisted approach for analyses
that include squared dimension six interactions.

I. INTRODUCTION

The search for new physics beyond the Standard Model
(SM) is a central task of the Large Hadron Collider
(LHC). With established and motivated models under
increasing pressure as more data get scrutinised, phe-
nomenological analyses have turned to largely model-
independent measurement and interpretation strategies
adopting the framework of SM e↵ective field theory
(EFT) [1–5]. SMEFT as a theoretical framework has
undergone a rapid development over the past years,
e.g. [6–13].

EFTs facilitate the communication between the weak
or measurement scale, and a UV completion that the
EFT approach would like to see itself contrasted with. As
the UV completion of the SM is currently unknown, the
leading operator dimension six deformations of the SM
imply 2499 independent parameters [14] that should be
considered as a priori free when we would like to constrain
generic beyond the SM (BSM) physics that is su�ciently
close to the decoupling limit to justify the dimension six
approach.

Established phenomena such as the observed matter–
anti-matter asymmetry, however, provide us a hint where
motivated physics might be found, without making too
many assumptions about the precise form of the UV com-
pletion itself. For instance, Sakharov’s criteria [15] of
baryogenesis motivate the direct search for CP-violating
e↵ects on top of the CP-violating sources in the SM,
which are insu�cient to account for the observed matter–
anti-matter asymmetry. As the only source of CP viola-
tion in the SM is associated with the fermion-Higgs inter-
actions, the Higgs sector naturally assumes a central role
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in such a search, in particular because its precise form is
a lot less well-constrained compared to the gauge sectors.
CP-violating e↵ects associated with ”genuine” dimen-

sion six e↵ects, i.e. contributions that arise from the
interference of SM contribution with dimension six oper-
ators is limited to genuine CP-odd observables, and more
specifically asymmetries thereof [16, 17]. In the context
of Higgs physics these are the so-called signed �jj [18]
(see also [19–23]) in gluon and weak boson fusion. Such
a definition can be adopted to top quark-associated pro-
duction as well, as discussed in detail recently in Ref. [24].
Working in the dimension six linearised approxima-

tion, these asymmetries are the only phenomenological
e↵ects that are present; the interference cancels identi-
cally for any CP-even observable. This, in particular,
includes total cross sections and decay widths as well as
momentum transfer-dependent observables such as the
transverse momentum of the Higgs boson in these pro-
cesses.
The latter implies a potential issue of CP-analyses in

the Higgs sector. Gluon fusion in association with 2 jets
receives corrections from both

Õg =
↵s

8⇡v
G

a
µ⌫G̃

a µ⌫
h,

Õt = it̄�5th ,

(1)

where t denotes the top quark, G
a
µ⌫ is the gluon field

strength with dual G̃
µ⌫ = ✏

µ⌫⇢�
G⇢�/2, h represents the

physical Higgs boson with mass mh = 125 GeV and
v = 246 GeV is the Higgs’ vacuum expectation value.
The normalisation of Õg corresponds to integrating out
the top quark with CP-odd couplings with Yukawa cou-
pling size

p
2mt/v in the limit mt ! 1 [25–27]. In the

following we will denote c̃g, c̃t as the corresponding Wil-
son coe�cients of Eq. (1).
It is well known that the mt-associated threshold ef-

fects allow us to di↵erentiate between these parameters in
their CP-even manifestation using momentum transfer-
dependent observables [28–35]. Together with the infor-
mation from top quark-associated Higgs production, this

top quark
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FIG. 5: Dependence of the 2D constraints for CP-odd Higgs boson interactions on the integrated luminosity of the available
dataset, without (left) and with (right) marginalisation over other CP-odd coe�cients. All proposed measurements are included.
Inner and outer shaded regions for each luminosity scenario represent the 68.3% and 95.5% CI, respectively.

� for h ! ZZ⇤
! 4` decays, should break the degen-

eracies in the CP-odd coupling space. As our results
are purely driven by asymmetries, it was not a priori
clear that the LHC would be able to obtain perturba-
tively meaningful constraints with interference-only fits
to dimension-6 Wilson coe�cients. We show that al-
though the current statistical uncertainties on the mea-
surements are too large to provide constraints that are
meaningful when compared to perturbative UV comple-
tions, LHC projections suggest that the Wilson coe�-
cients will be constrained to unity or better for new-
physics scales of 1 TeV.
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term in bin i of the observable.3 This requirement en-
sures that the perturbative series is well-behaved.

With the current data the marginalisation over param-
eters within the perturbativity constraint does not have
a significant e↵ect, as shown in the top plots of Fig. 4.
If we drop this constraint the blind directions are clear
(bottom row of Fig. 4), showing that as the measure-
ments improve the combination of observables becomes
more important.

Although the blind directions can be lifted with the
current dataset, the obtained constraints on CP-odd op-
erators that a↵ect the Higgs boson coupling to weak
bosons are relatively weak (ci/⇤2 > 1 TeV�2). This
will be improved by increasing the integrated luminos-
ity to increase the precision of these measurements. In
Fig. 5 and Table III, we present the expected 1D and 2D
constraints with larger datasets of 300/fb (corresponding
to the end of LHC Run-3) and 3000/fb (corresponding
to the end of HL-LHC), for the full combination of the
di↵erential measurements considered here.

As expected, the results improve dramatically and the
constrained values of ci/⇤2 approach unity. To demon-
strate the perturbative validity of these constraints, the
magnitude of the interference contribution to the most
sensitive di↵erential cross section, relative to the SM con-
tribution, is estimated using Eq. (9) and summarised in
Table IV for datasets of 300/fb and 3000/fb.

It is worth noting that the Run-3 and HL-LHC con-
straints presented above are simple extrapolations of cur-
rent ATLAS results (and those that are already possi-
ble) to higher luminosities, and a number of other mea-
surements can in principle be made that would tighten
the constraints further. For example, all the constraints
should trivially improve by about a factor of

p
2 if the

proposed measurements are made by both ATLAS and
CMS. In addition, as the datasets increase, splitting the
measurement of the signed-��jj observable into VBF-
enhanced and VBF-suppressed phase spaces will also
be possible in the H ! ZZ⇤ decay channel. Fur-
thermore, model-independent ��jj measurements in the
H ! WW ⇤ and H ! ⌧⌧ decay channels, as well as

Coe�cient⇥
TeV�2

⇤
36.1 fb�1 300 fb�1 3000 fb�1

c
HG̃

/⇤2 [�0.19, 0.19] [�0.067, 0.067] [�0.021, 0.021]
c
HW̃

/⇤2 [�11, 11] [�3.8, 3.8] [�1.2, 1.2]
c
HB̃

/⇤2 [�5.9, 5.9] [�2.1, 2.1] [�0.65, 0.65]
c
HW̃B

/⇤2 [�14, 14] [�4.9, 4.9] [�1.5, 1.5]

TABLE III: Expected 1D constraints on Wilson coe�cients
for each EFT operator, in units of TeV�2, after marginalising
over all other coe�cients.

3
The modulus is taken to avoid cancellation that would otherwise

result from summing across all bins of the measured observable.

Coe�cient Allowed magnitude of CP-odd contribution⇥
TeV�2

⇤
300 fb�1 3000 fb�1

c
HG̃

/⇤2 33% 10%
c
HW̃

/⇤2 47% 15%
c
HB̃

/⇤2 8% 2%
c
HW̃B

/⇤2 25% 8%

TABLE IV: Expected sum of the moduli of the positive and
negative interference contributions from CP-odd operators
relative to the SM cross-section, see Eq. (9), allowable by
the constraints in Table III at a given luminosity.

di↵erential cross sections as a function of the decay an-
gles in H ! WW ⇤

! `⌫`⌫ decay would add further
constraints. Finally, model-independent di↵erential mea-
surements of other processes will be possible by the end
of Run-3 and/or HL-LHC, with CP-sensitive di↵erential
information expected for Higgs boson production in as-
sociation with a weak boson [85] or a top-antitop pair
[27, 28]. The measurements of Higgs boson production
in association with a weak boson would add additional
information that could constrain the O

HW̃
, O

HB̃
and

O
HW̃B

operators. Measurements of Higgs boson pro-
duction in association with a top-antitop pair would con-
strain CP-violating complex phases in the EFT operators
corresponding to the Yukawa sector, thus removing the
blind direction between those operators and O

HG̃
that is

implicit in this analysis.

VI. CONCLUSIONS

A better understanding of the Higgs-boson properties
remains a crucial part of the LHC phenomenology pro-
gramme, o↵ering a wealth of opportunities to connect
the electroweak scale with other well-established features
of beyond-the-SM physics. In this sense, the search for
CP-violation in the Higgs sector is a crucial piece of the
puzzle of the TeV scale.
In this paper, we consider CP-violating operators in

the context of gluon-fusion and vector-boson fusion pro-
duction of Higgs bosons in association with jets. By fo-
cusing on the SMEFT approach, linearised in the Wilson
coe�cients, we can separate CP-odd Higgs interactions
from CP-even ones. The former are then contained in
asymmetries of genuinely CP-odd observables.
We find that there is currently a small 0.3± 0.2 asym-

metry in model-independent h + 2 jet event measure-
ments. Given the lack of further information that would
be straightforward to obtain, the source of this asymme-
try cannot be well characterised. Although it is likely
that this asymmetry originates from statistical fluctu-
ations, we use its presence to discuss avenues to im-
prove the measurements with existing data. In partic-
ular, separating the weak and strong production of the
Higgs boson, and supplementing the current analyses
with precision measurements of the CP-sensitive angle

LHC and HL-LHC 
extrapolations

…ignore them for now…
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‣ the linearised upshot
= ÕG
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‣ lifting top-specific blind directions

2

servables, whereas kinematic information such as trans-
verse momentum distributions are instead used to con-
strain CP-even operators.

We find that there is a small asymmetry in two CP-
sensitive measurements of the signed azimuthal angle be-
tween the hadronic jets in h + 2 jet events, with a com-
bined value of 0.3 ± 0.2. However, we also find that the
current data cannot distinguish between di↵erent sources
of CP violation, with three blind directions when one
considers the four CP-odd operators that cause anoma-
lous Higgs boson interactions with weak bosons or glu-
ons. We then demonstrate how the blind directions in
the CP-odd coupling space can be removed using ob-
servables that can already be measured with the existing
LHC datasets. Building on these insights, we provide
projections for the upcoming LHC Run-3 and HL-LHC,
where the available dataset will increase by factors of 10
and 100, respectively.

The paper is organised as follows. We motivate the lin-
earised dimension-6 e↵ective field theory in Sec. II. Sec-
tion III provides an overview of technical aspects of our
analysis. The constraints on EFT operators obtained by
fits to published model-independent data are presented
in Sec. IV. We propose new measurements to be made in
Sec. V and show their expected impact on constraining
the di↵erent sources of CP violation in the Higgs sector.
Finally, we conclude in Sec. VI.

II. THEORETICAL FRAMEWORK

New CP-violating e↵ects in the Higgs boson’s inter-
actions with gluons or weak bosons can be introduced
through a minimal set of CP-odd dimension-6 opera-
tors [24]:

O
HG̃

= H†HGaµ⌫G̃a

µ⌫
, (1a)

O
HW̃

= H†HW aµ⌫W̃ a

µ⌫
, (1b)

O
HB̃

= H†HBµ⌫B̃µ⌫ , (1c)

O
HW̃B

= H†⌧aHBµ⌫W̃
aµ⌫ , (1d)

where H is the Higgs doublet and G,W,B are the
SU(3) ⇥ SU(2) ⇥ U(1) field strength tensors. The ⌧a

are the SU(2) generators. Fields with a tilde are the
dual tensors, e.g. G̃a

µ⌫
= "abcGbc

µ⌫
/2.

These operators could originate from complex phases
in the interactions between the Higgs boson and heavy
fermions, whose masses are far above the electroweak
scale. Additional complex phases in the SM Yukawa sec-
tor would be another source of CP-violation, e.g. in the
tt̄h interaction [25–28]. Any kinematic e↵ect from this in-
teraction would be degenerate with O

HG̃
in gluon-fusion

production as long as the mt threshold is not resolved
kinematically, which does not happen for our choice of
measurements. An associated blind direction is therefore
implied in our constraints.

The operators of Eq. (1) are well-motivated candidate
interactions for our analysis. They are closed under RGE
flow [29–33], allowing well-defined constraints. Further,
the small number of operators can be probed with a few
di↵erential distributions.
For completeness, analogous CP-even deformations to

the SM are also introduced (OHG, OHW , OHB , OHWB).
The e↵ective Lagrangian is then defined as

L = LSM +
X

i

ci
⇤2

Oi (2)

where the sum runs over the CP-even and CP-odd op-
erators. This allows us to split the amplitude into an
SM part, MSM, and a genuine dimension-6 part, Md6.
Including all dimension-6 e↵ects yields

|M|
2 = |MSM|

2 + 2Re (M?

SMMd6) +O(⇤�4). (3)

The integration over interference terms (proportional to
1/⇤2) vanishes when only CP-odd EFT operators con-
tribute [34] at dimension-6 because the SM amplitude is
CP-even and the integrated e↵ect of interfering the SM
amplitude with a CP-odd amplitude is zero. This means
that there is no contribution from the interference term
to the inclusive rate, or to CP-even observables such as
transverse momenta and invariant masses, and the only
contribution is to appropriately constructed CP-odd ob-
servables. This is not the case for terms proportional to
1/⇤4, which contain the squared dimension-6 amplitude
and produce a CP-even e↵ect regardless of the nature
of the operator. This has historically served as a moti-
vation to constrain CP-odd operators with momentum-
dependent observables in a range of production modes
[26, 28, 35–43]. However, such an approach is model-
dependent since it neglects dimension-8 operators that
interfere with the SM and in general produce similar
O(1/⇤4) e↵ects.
In this paper we limit ourselves to interference-only

e↵ects so the constraints on CP-odd operators will be
entirely derived from CP-odd observables, which are dis-
cussed in the next section. This approach is naturally
less sensitive compared to including |Md6|

2 terms so it
provides a conservative outlook into the future: if pertur-
batively meaningful constraints can be obtained in the
linearised approach, these will only be strengthened if
|Md6|

2 terms are included.
The interference-only contribution from each operator

to each observable is constructed using Madgraph5 [44]
and the SMEFT implementation of Ref. [45]. Event sam-
ples are produced separately for gluon-fusion and weak-
boson-fusion production at fixed values of ci = 1 and
⇤ = 1 TeV. These parton-level events are passed to
Pythia8 [46] to model the Higgs-boson decay, parton
showering, hadronisation and multiple parton interac-
tions. Rivet [47] is then used to select events in each
decay channel and to construct each observable accord-
ing to the selection criteria published in the experimen-
tal papers. The cross-section contribution in each bin

+ top Yukawa phase
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Constraining P- and CP-violating interactions in dimension six e↵ective field theory requires lifting
degeneracies in the multi-dimensional coupling space. Furthermore, when employing the linearised
EFT approach where only interference contributions with the SM are considered, the number of
observables that provide genuine discriminating power of such interactions is limited. In this work,
we consider Higgs production from gluon fusion in association with two jets and top-pair associated
Higgs production and discuss how genuinely CP-sensitive observables can be improved by exploiting
the top-threshold. While the improvement can be statistics-limited through clean tt̄h final states
at the LHC, we show that one can expect large improvements when turning to 27 TeV or 100 TeV
collisions. In passing, we also discuss the benefits of an top-threshold-assisted approach for analyses
that include squared dimension six interactions.

I. INTRODUCTION

The search for new physics beyond the Standard Model
(SM) is a central task of the Large Hadron Collider
(LHC). With established and motivated models under
increasing pressure as more data get scrutinised, phe-
nomenological analyses have turned to largely model-
independent measurement and interpretation strategies
adopting the framework of SM e↵ective field theory
(EFT) [1–5]. SMEFT as a theoretical framework has
undergone a rapid development over the past years,
e.g. [6–13].

EFTs facilitate the communication between the weak
or measurement scale, and a UV completion that the
EFT approach would like to see itself contrasted with. As
the UV completion of the SM is currently unknown, the
leading operator dimension six deformations of the SM
imply 2499 independent parameters [14] that should be
considered as a priori free when we would like to constrain
generic beyond the SM (BSM) physics that is su�ciently
close to the decoupling limit to justify the dimension six
approach.

Established phenomena such as the observed matter–
anti-matter asymmetry, however, provide us a hint where
motivated physics might be found, without making too
many assumptions about the precise form of the UV com-
pletion itself. For instance, Sakharov’s criteria [15] of
baryogenesis motivate the direct search for CP-violating
e↵ects on top of the CP-violating sources in the SM,
which are insu�cient to account for the observed matter–
anti-matter asymmetry. As the only source of CP viola-
tion in the SM is associated with the fermion-Higgs inter-
actions, the Higgs sector naturally assumes a central role

⇤
Electronic address: christoph.englert@glasgow.ac.uk

†
Electronic address: peter.galler@glasgow.ac.uk

‡
Electronic address: andrew.pilkington@manchester.ac.uk

§
Electronic address: michael.spannowsky@durham.ac.uk

in such a search, in particular because its precise form is
a lot less well-constrained compared to the gauge sectors.
CP-violating e↵ects associated with ”genuine” dimen-

sion six e↵ects, i.e. contributions that arise from the
interference of SM contribution with dimension six oper-
ators is limited to genuine CP-odd observables, and more
specifically asymmetries thereof [16, 17]. In the context
of Higgs physics these are the so-called signed �jj [18]
(see also [19–23]) in gluon and weak boson fusion. Such
a definition can be adopted to top quark-associated pro-
duction as well, as discussed in detail recently in Ref. [24].
Working in the dimension six linearised approxima-

tion, these asymmetries are the only phenomenological
e↵ects that are present; the interference cancels identi-
cally for any CP-even observable. This, in particular,
includes total cross sections and decay widths as well as
momentum transfer-dependent observables such as the
transverse momentum of the Higgs boson in these pro-
cesses.
The latter implies a potential issue of CP-analyses in

the Higgs sector. Gluon fusion in association with 2 jets
receives corrections from both

Õg =
↵s

8⇡v
G

a
µ⌫G̃

a µ⌫
h,

Õt = it̄�5th ,

(1)

where t denotes the top quark, G
a
µ⌫ is the gluon field

strength with dual G̃
µ⌫ = ✏

µ⌫⇢�
G⇢�/2, h represents the

physical Higgs boson with mass mh = 125 GeV and
v = 246 GeV is the Higgs’ vacuum expectation value.
The normalisation of Õg corresponds to integrating out
the top quark with CP-odd couplings with Yukawa cou-
pling size

p
2mt/v in the limit mt ! 1 [25–27]. In the

following we will denote c̃g, c̃t as the corresponding Wil-
son coe�cients of Eq. (1).
It is well known that the mt-associated threshold ef-

fects allow us to di↵erentiate between these parameters in
their CP-even manifestation using momentum transfer-
dependent observables [28–35]. Together with the infor-
mation from top quark-associated Higgs production, this
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top quark

‣ mt=∞ SM limit accidentally good 

‣ split GF selection into mt-related Higgs pT threshold ∼ 150 GeV

large stats / kin. 
coverage necessary

[Del Duca et al. `03]
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servables, whereas kinematic information such as trans-
verse momentum distributions are instead used to con-
strain CP-even operators.

We find that there is a small asymmetry in two CP-
sensitive measurements of the signed azimuthal angle be-
tween the hadronic jets in h + 2 jet events, with a com-
bined value of 0.3 ± 0.2. However, we also find that the
current data cannot distinguish between di↵erent sources
of CP violation, with three blind directions when one
considers the four CP-odd operators that cause anoma-
lous Higgs boson interactions with weak bosons or glu-
ons. We then demonstrate how the blind directions in
the CP-odd coupling space can be removed using ob-
servables that can already be measured with the existing
LHC datasets. Building on these insights, we provide
projections for the upcoming LHC Run-3 and HL-LHC,
where the available dataset will increase by factors of 10
and 100, respectively.

The paper is organised as follows. We motivate the lin-
earised dimension-6 e↵ective field theory in Sec. II. Sec-
tion III provides an overview of technical aspects of our
analysis. The constraints on EFT operators obtained by
fits to published model-independent data are presented
in Sec. IV. We propose new measurements to be made in
Sec. V and show their expected impact on constraining
the di↵erent sources of CP violation in the Higgs sector.
Finally, we conclude in Sec. VI.

II. THEORETICAL FRAMEWORK

New CP-violating e↵ects in the Higgs boson’s inter-
actions with gluons or weak bosons can be introduced
through a minimal set of CP-odd dimension-6 opera-
tors [24]:

O
HG̃

= H†HGaµ⌫G̃a

µ⌫
, (1a)

O
HW̃

= H†HW aµ⌫W̃ a

µ⌫
, (1b)

O
HB̃

= H†HBµ⌫B̃µ⌫ , (1c)

O
HW̃B

= H†⌧aHBµ⌫W̃
aµ⌫ , (1d)

where H is the Higgs doublet and G,W,B are the
SU(3) ⇥ SU(2) ⇥ U(1) field strength tensors. The ⌧a

are the SU(2) generators. Fields with a tilde are the
dual tensors, e.g. G̃a

µ⌫
= "abcGbc

µ⌫
/2.

These operators could originate from complex phases
in the interactions between the Higgs boson and heavy
fermions, whose masses are far above the electroweak
scale. Additional complex phases in the SM Yukawa sec-
tor would be another source of CP-violation, e.g. in the
tt̄h interaction [25–28]. Any kinematic e↵ect from this in-
teraction would be degenerate with O

HG̃
in gluon-fusion

production as long as the mt threshold is not resolved
kinematically, which does not happen for our choice of
measurements. An associated blind direction is therefore
implied in our constraints.

The operators of Eq. (1) are well-motivated candidate
interactions for our analysis. They are closed under RGE
flow [29–33], allowing well-defined constraints. Further,
the small number of operators can be probed with a few
di↵erential distributions.
For completeness, analogous CP-even deformations to

the SM are also introduced (OHG, OHW , OHB , OHWB).
The e↵ective Lagrangian is then defined as

L = LSM +
X

i

ci
⇤2

Oi (2)

where the sum runs over the CP-even and CP-odd op-
erators. This allows us to split the amplitude into an
SM part, MSM, and a genuine dimension-6 part, Md6.
Including all dimension-6 e↵ects yields

|M|
2 = |MSM|

2 + 2Re (M?

SMMd6) +O(⇤�4). (3)

The integration over interference terms (proportional to
1/⇤2) vanishes when only CP-odd EFT operators con-
tribute [34] at dimension-6 because the SM amplitude is
CP-even and the integrated e↵ect of interfering the SM
amplitude with a CP-odd amplitude is zero. This means
that there is no contribution from the interference term
to the inclusive rate, or to CP-even observables such as
transverse momenta and invariant masses, and the only
contribution is to appropriately constructed CP-odd ob-
servables. This is not the case for terms proportional to
1/⇤4, which contain the squared dimension-6 amplitude
and produce a CP-even e↵ect regardless of the nature
of the operator. This has historically served as a moti-
vation to constrain CP-odd operators with momentum-
dependent observables in a range of production modes
[26, 28, 35–43]. However, such an approach is model-
dependent since it neglects dimension-8 operators that
interfere with the SM and in general produce similar
O(1/⇤4) e↵ects.
In this paper we limit ourselves to interference-only

e↵ects so the constraints on CP-odd operators will be
entirely derived from CP-odd observables, which are dis-
cussed in the next section. This approach is naturally
less sensitive compared to including |Md6|

2 terms so it
provides a conservative outlook into the future: if pertur-
batively meaningful constraints can be obtained in the
linearised approach, these will only be strengthened if
|Md6|

2 terms are included.
The interference-only contribution from each operator

to each observable is constructed using Madgraph5 [44]
and the SMEFT implementation of Ref. [45]. Event sam-
ples are produced separately for gluon-fusion and weak-
boson-fusion production at fixed values of ci = 1 and
⇤ = 1 TeV. These parton-level events are passed to
Pythia8 [46] to model the Higgs-boson decay, parton
showering, hadronisation and multiple parton interac-
tions. Rivet [47] is then used to select events in each
decay channel and to construct each observable accord-
ing to the selection criteria published in the experimen-
tal papers. The cross-section contribution in each bin

+ top Yukawa phase
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Constraining P- and CP-violating interactions in dimension six e↵ective field theory requires lifting
degeneracies in the multi-dimensional coupling space. Furthermore, when employing the linearised
EFT approach where only interference contributions with the SM are considered, the number of
observables that provide genuine discriminating power of such interactions is limited. In this work,
we consider Higgs production from gluon fusion in association with two jets and top-pair associated
Higgs production and discuss how genuinely CP-sensitive observables can be improved by exploiting
the top-threshold. While the improvement can be statistics-limited through clean tt̄h final states
at the LHC, we show that one can expect large improvements when turning to 27 TeV or 100 TeV
collisions. In passing, we also discuss the benefits of an top-threshold-assisted approach for analyses
that include squared dimension six interactions.

I. INTRODUCTION

The search for new physics beyond the Standard Model
(SM) is a central task of the Large Hadron Collider
(LHC). With established and motivated models under
increasing pressure as more data get scrutinised, phe-
nomenological analyses have turned to largely model-
independent measurement and interpretation strategies
adopting the framework of SM e↵ective field theory
(EFT) [1–5]. SMEFT as a theoretical framework has
undergone a rapid development over the past years,
e.g. [6–13].

EFTs facilitate the communication between the weak
or measurement scale, and a UV completion that the
EFT approach would like to see itself contrasted with. As
the UV completion of the SM is currently unknown, the
leading operator dimension six deformations of the SM
imply 2499 independent parameters [14] that should be
considered as a priori free when we would like to constrain
generic beyond the SM (BSM) physics that is su�ciently
close to the decoupling limit to justify the dimension six
approach.

Established phenomena such as the observed matter–
anti-matter asymmetry, however, provide us a hint where
motivated physics might be found, without making too
many assumptions about the precise form of the UV com-
pletion itself. For instance, Sakharov’s criteria [15] of
baryogenesis motivate the direct search for CP-violating
e↵ects on top of the CP-violating sources in the SM,
which are insu�cient to account for the observed matter–
anti-matter asymmetry. As the only source of CP viola-
tion in the SM is associated with the fermion-Higgs inter-
actions, the Higgs sector naturally assumes a central role
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in such a search, in particular because its precise form is
a lot less well-constrained compared to the gauge sectors.
CP-violating e↵ects associated with ”genuine” dimen-

sion six e↵ects, i.e. contributions that arise from the
interference of SM contribution with dimension six oper-
ators is limited to genuine CP-odd observables, and more
specifically asymmetries thereof [16, 17]. In the context
of Higgs physics these are the so-called signed �jj [18]
(see also [19–23]) in gluon and weak boson fusion. Such
a definition can be adopted to top quark-associated pro-
duction as well, as discussed in detail recently in Ref. [24].
Working in the dimension six linearised approxima-

tion, these asymmetries are the only phenomenological
e↵ects that are present; the interference cancels identi-
cally for any CP-even observable. This, in particular,
includes total cross sections and decay widths as well as
momentum transfer-dependent observables such as the
transverse momentum of the Higgs boson in these pro-
cesses.
The latter implies a potential issue of CP-analyses in

the Higgs sector. Gluon fusion in association with 2 jets
receives corrections from both

Õg =
↵s

8⇡v
G

a
µ⌫G̃

a µ⌫
h,

Õt = it̄�5th ,

(1)

where t denotes the top quark, G
a
µ⌫ is the gluon field

strength with dual G̃
µ⌫ = ✏

µ⌫⇢�
G⇢�/2, h represents the

physical Higgs boson with mass mh = 125 GeV and
v = 246 GeV is the Higgs’ vacuum expectation value.
The normalisation of Õg corresponds to integrating out
the top quark with CP-odd couplings with Yukawa cou-
pling size

p
2mt/v in the limit mt ! 1 [25–27]. In the

following we will denote c̃g, c̃t as the corresponding Wil-
son coe�cients of Eq. (1).
It is well known that the mt-associated threshold ef-

fects allow us to di↵erentiate between these parameters in
their CP-even manifestation using momentum transfer-
dependent observables [28–35]. Together with the infor-
mation from top quark-associated Higgs production, this
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FIG. 1: ��jj distribution for hjj production working in the linearised approximation O(c̃g, c̃t). Event selection e�ciencies
and branching ratios are included but only the statistical uncertainty is shown in the plots.

(a) (b)

FIG. 2: ��jj distribution for hjj production working including quadratic terms O(c̃g, c̃t).

defined as

��jj = �j,1 � �j,2 , (3)

where �j,1 (�j,2) is the azimuthal angle of the first (sec-
ond) jet. The jets are ordered by their rapidity, i.e.

yj,1 > yj,2 , (4)

which promotes this angular distribution to a P-sensitive
observable.

In Fig. 1, we show the ��jj di↵erential distribution for
a particular choice of c̃g and c̃t as an example. Fig. 1 (a)
illustrates that the e↵ects of Õg and Õt can be very small
even for large values of c̃g and c̃t in the vicinity of the
blind direction c̃t ⇠ �c̃g if inclusive observables are con-
sidered. As can be seen from Fig. 1 (b), once ��jj is

defined with an additional binning in a kinematic observ-
able such as the transverse momentum of the Higgs2 that
focuses on more exclusive events around the top quark
theshold and above (pT,h � 150 GeV), we can start dis-
entangling the c̃g and c̃t directions. In principle, a fully-
binned two-dimensional distribution (��jj , pT,h) could
be considered. However, this would come at the price
of a large reduction in statistics and an enlarged statis-
tical uncertainty. While we consider two search regions
separated by a 150 GeV pT,h cut, the number of search
regions, as well as their separation could be treated as

2
We consider the Higgs pT distribution in the following as means to

resolve the top-threshold; jet-pT distributions are less sensitive to

mt threshold e↵ects.

‣ split GF selection into mt-related Higgs pT threshold ∼ 150 GeV

‣ lifting top-specific blind directions
= ÕG
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servables, whereas kinematic information such as trans-
verse momentum distributions are instead used to con-
strain CP-even operators.

We find that there is a small asymmetry in two CP-
sensitive measurements of the signed azimuthal angle be-
tween the hadronic jets in h + 2 jet events, with a com-
bined value of 0.3 ± 0.2. However, we also find that the
current data cannot distinguish between di↵erent sources
of CP violation, with three blind directions when one
considers the four CP-odd operators that cause anoma-
lous Higgs boson interactions with weak bosons or glu-
ons. We then demonstrate how the blind directions in
the CP-odd coupling space can be removed using ob-
servables that can already be measured with the existing
LHC datasets. Building on these insights, we provide
projections for the upcoming LHC Run-3 and HL-LHC,
where the available dataset will increase by factors of 10
and 100, respectively.

The paper is organised as follows. We motivate the lin-
earised dimension-6 e↵ective field theory in Sec. II. Sec-
tion III provides an overview of technical aspects of our
analysis. The constraints on EFT operators obtained by
fits to published model-independent data are presented
in Sec. IV. We propose new measurements to be made in
Sec. V and show their expected impact on constraining
the di↵erent sources of CP violation in the Higgs sector.
Finally, we conclude in Sec. VI.

II. THEORETICAL FRAMEWORK

New CP-violating e↵ects in the Higgs boson’s inter-
actions with gluons or weak bosons can be introduced
through a minimal set of CP-odd dimension-6 opera-
tors [24]:

O
HG̃

= H†HGaµ⌫G̃a

µ⌫
, (1a)

O
HW̃

= H†HW aµ⌫W̃ a

µ⌫
, (1b)

O
HB̃

= H†HBµ⌫B̃µ⌫ , (1c)

O
HW̃B

= H†⌧aHBµ⌫W̃
aµ⌫ , (1d)

where H is the Higgs doublet and G,W,B are the
SU(3) ⇥ SU(2) ⇥ U(1) field strength tensors. The ⌧a

are the SU(2) generators. Fields with a tilde are the
dual tensors, e.g. G̃a

µ⌫
= "abcGbc

µ⌫
/2.

These operators could originate from complex phases
in the interactions between the Higgs boson and heavy
fermions, whose masses are far above the electroweak
scale. Additional complex phases in the SM Yukawa sec-
tor would be another source of CP-violation, e.g. in the
tt̄h interaction [25–28]. Any kinematic e↵ect from this in-
teraction would be degenerate with O

HG̃
in gluon-fusion

production as long as the mt threshold is not resolved
kinematically, which does not happen for our choice of
measurements. An associated blind direction is therefore
implied in our constraints.

The operators of Eq. (1) are well-motivated candidate
interactions for our analysis. They are closed under RGE
flow [29–33], allowing well-defined constraints. Further,
the small number of operators can be probed with a few
di↵erential distributions.
For completeness, analogous CP-even deformations to

the SM are also introduced (OHG, OHW , OHB , OHWB).
The e↵ective Lagrangian is then defined as

L = LSM +
X

i

ci
⇤2

Oi (2)

where the sum runs over the CP-even and CP-odd op-
erators. This allows us to split the amplitude into an
SM part, MSM, and a genuine dimension-6 part, Md6.
Including all dimension-6 e↵ects yields

|M|
2 = |MSM|

2 + 2Re (M?

SMMd6) +O(⇤�4). (3)

The integration over interference terms (proportional to
1/⇤2) vanishes when only CP-odd EFT operators con-
tribute [34] at dimension-6 because the SM amplitude is
CP-even and the integrated e↵ect of interfering the SM
amplitude with a CP-odd amplitude is zero. This means
that there is no contribution from the interference term
to the inclusive rate, or to CP-even observables such as
transverse momenta and invariant masses, and the only
contribution is to appropriately constructed CP-odd ob-
servables. This is not the case for terms proportional to
1/⇤4, which contain the squared dimension-6 amplitude
and produce a CP-even e↵ect regardless of the nature
of the operator. This has historically served as a moti-
vation to constrain CP-odd operators with momentum-
dependent observables in a range of production modes
[26, 28, 35–43]. However, such an approach is model-
dependent since it neglects dimension-8 operators that
interfere with the SM and in general produce similar
O(1/⇤4) e↵ects.
In this paper we limit ourselves to interference-only

e↵ects so the constraints on CP-odd operators will be
entirely derived from CP-odd observables, which are dis-
cussed in the next section. This approach is naturally
less sensitive compared to including |Md6|

2 terms so it
provides a conservative outlook into the future: if pertur-
batively meaningful constraints can be obtained in the
linearised approach, these will only be strengthened if
|Md6|

2 terms are included.
The interference-only contribution from each operator

to each observable is constructed using Madgraph5 [44]
and the SMEFT implementation of Ref. [45]. Event sam-
ples are produced separately for gluon-fusion and weak-
boson-fusion production at fixed values of ci = 1 and
⇤ = 1 TeV. These parton-level events are passed to
Pythia8 [46] to model the Higgs-boson decay, parton
showering, hadronisation and multiple parton interac-
tions. Rivet [47] is then used to select events in each
decay channel and to construct each observable accord-
ing to the selection criteria published in the experimen-
tal papers. The cross-section contribution in each bin

+ top Yukawa phase
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Constraining P- and CP-violating interactions in dimension six e↵ective field theory requires lifting
degeneracies in the multi-dimensional coupling space. Furthermore, when employing the linearised
EFT approach where only interference contributions with the SM are considered, the number of
observables that provide genuine discriminating power of such interactions is limited. In this work,
we consider Higgs production from gluon fusion in association with two jets and top-pair associated
Higgs production and discuss how genuinely CP-sensitive observables can be improved by exploiting
the top-threshold. While the improvement can be statistics-limited through clean tt̄h final states
at the LHC, we show that one can expect large improvements when turning to 27 TeV or 100 TeV
collisions. In passing, we also discuss the benefits of an top-threshold-assisted approach for analyses
that include squared dimension six interactions.

I. INTRODUCTION

The search for new physics beyond the Standard Model
(SM) is a central task of the Large Hadron Collider
(LHC). With established and motivated models under
increasing pressure as more data get scrutinised, phe-
nomenological analyses have turned to largely model-
independent measurement and interpretation strategies
adopting the framework of SM e↵ective field theory
(EFT) [1–5]. SMEFT as a theoretical framework has
undergone a rapid development over the past years,
e.g. [6–13].

EFTs facilitate the communication between the weak
or measurement scale, and a UV completion that the
EFT approach would like to see itself contrasted with. As
the UV completion of the SM is currently unknown, the
leading operator dimension six deformations of the SM
imply 2499 independent parameters [14] that should be
considered as a priori free when we would like to constrain
generic beyond the SM (BSM) physics that is su�ciently
close to the decoupling limit to justify the dimension six
approach.

Established phenomena such as the observed matter–
anti-matter asymmetry, however, provide us a hint where
motivated physics might be found, without making too
many assumptions about the precise form of the UV com-
pletion itself. For instance, Sakharov’s criteria [15] of
baryogenesis motivate the direct search for CP-violating
e↵ects on top of the CP-violating sources in the SM,
which are insu�cient to account for the observed matter–
anti-matter asymmetry. As the only source of CP viola-
tion in the SM is associated with the fermion-Higgs inter-
actions, the Higgs sector naturally assumes a central role
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in such a search, in particular because its precise form is
a lot less well-constrained compared to the gauge sectors.
CP-violating e↵ects associated with ”genuine” dimen-

sion six e↵ects, i.e. contributions that arise from the
interference of SM contribution with dimension six oper-
ators is limited to genuine CP-odd observables, and more
specifically asymmetries thereof [16, 17]. In the context
of Higgs physics these are the so-called signed �jj [18]
(see also [19–23]) in gluon and weak boson fusion. Such
a definition can be adopted to top quark-associated pro-
duction as well, as discussed in detail recently in Ref. [24].
Working in the dimension six linearised approxima-

tion, these asymmetries are the only phenomenological
e↵ects that are present; the interference cancels identi-
cally for any CP-even observable. This, in particular,
includes total cross sections and decay widths as well as
momentum transfer-dependent observables such as the
transverse momentum of the Higgs boson in these pro-
cesses.
The latter implies a potential issue of CP-analyses in

the Higgs sector. Gluon fusion in association with 2 jets
receives corrections from both

Õg =
↵s

8⇡v
G

a
µ⌫G̃

a µ⌫
h,

Õt = it̄�5th ,

(1)

where t denotes the top quark, G
a
µ⌫ is the gluon field

strength with dual G̃
µ⌫ = ✏

µ⌫⇢�
G⇢�/2, h represents the

physical Higgs boson with mass mh = 125 GeV and
v = 246 GeV is the Higgs’ vacuum expectation value.
The normalisation of Õg corresponds to integrating out
the top quark with CP-odd couplings with Yukawa cou-
pling size

p
2mt/v in the limit mt ! 1 [25–27]. In the

following we will denote c̃g, c̃t as the corresponding Wil-
son coe�cients of Eq. (1).
It is well known that the mt-associated threshold ef-

fects allow us to di↵erentiate between these parameters in
their CP-even manifestation using momentum transfer-
dependent observables [28–35]. Together with the infor-
mation from top quark-associated Higgs production, this
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FIG. 1: ��jj distribution for hjj production working in the linearised approximation O(c̃g, c̃t). Event selection e�ciencies
and branching ratios are included but only the statistical uncertainty is shown in the plots.
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FIG. 2: ��jj distribution for hjj production working including quadratic terms O(c̃g, c̃t).

defined as

��jj = �j,1 � �j,2 , (3)

where �j,1 (�j,2) is the azimuthal angle of the first (sec-
ond) jet. The jets are ordered by their rapidity, i.e.

yj,1 > yj,2 , (4)

which promotes this angular distribution to a P-sensitive
observable.

In Fig. 1, we show the ��jj di↵erential distribution for
a particular choice of c̃g and c̃t as an example. Fig. 1 (a)
illustrates that the e↵ects of Õg and Õt can be very small
even for large values of c̃g and c̃t in the vicinity of the
blind direction c̃t ⇠ �c̃g if inclusive observables are con-
sidered. As can be seen from Fig. 1 (b), once ��jj is

defined with an additional binning in a kinematic observ-
able such as the transverse momentum of the Higgs2 that
focuses on more exclusive events around the top quark
theshold and above (pT,h � 150 GeV), we can start dis-
entangling the c̃g and c̃t directions. In principle, a fully-
binned two-dimensional distribution (��jj , pT,h) could
be considered. However, this would come at the price
of a large reduction in statistics and an enlarged statis-
tical uncertainty. While we consider two search regions
separated by a 150 GeV pT,h cut, the number of search
regions, as well as their separation could be treated as

2
We consider the Higgs pT distribution in the following as means to

resolve the top-threshold; jet-pT distributions are less sensitive to

mt threshold e↵ects.

‣ lifting top-specific blind directions

‣ split GF selection into mt-related Higgs pT threshold ∼ 150 GeV

CP violation

= ÕG
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servables, whereas kinematic information such as trans-
verse momentum distributions are instead used to con-
strain CP-even operators.

We find that there is a small asymmetry in two CP-
sensitive measurements of the signed azimuthal angle be-
tween the hadronic jets in h + 2 jet events, with a com-
bined value of 0.3 ± 0.2. However, we also find that the
current data cannot distinguish between di↵erent sources
of CP violation, with three blind directions when one
considers the four CP-odd operators that cause anoma-
lous Higgs boson interactions with weak bosons or glu-
ons. We then demonstrate how the blind directions in
the CP-odd coupling space can be removed using ob-
servables that can already be measured with the existing
LHC datasets. Building on these insights, we provide
projections for the upcoming LHC Run-3 and HL-LHC,
where the available dataset will increase by factors of 10
and 100, respectively.

The paper is organised as follows. We motivate the lin-
earised dimension-6 e↵ective field theory in Sec. II. Sec-
tion III provides an overview of technical aspects of our
analysis. The constraints on EFT operators obtained by
fits to published model-independent data are presented
in Sec. IV. We propose new measurements to be made in
Sec. V and show their expected impact on constraining
the di↵erent sources of CP violation in the Higgs sector.
Finally, we conclude in Sec. VI.

II. THEORETICAL FRAMEWORK

New CP-violating e↵ects in the Higgs boson’s inter-
actions with gluons or weak bosons can be introduced
through a minimal set of CP-odd dimension-6 opera-
tors [24]:

O
HG̃

= H†HGaµ⌫G̃a

µ⌫
, (1a)

O
HW̃

= H†HW aµ⌫W̃ a

µ⌫
, (1b)

O
HB̃

= H†HBµ⌫B̃µ⌫ , (1c)

O
HW̃B

= H†⌧aHBµ⌫W̃
aµ⌫ , (1d)

where H is the Higgs doublet and G,W,B are the
SU(3) ⇥ SU(2) ⇥ U(1) field strength tensors. The ⌧a

are the SU(2) generators. Fields with a tilde are the
dual tensors, e.g. G̃a

µ⌫
= "abcGbc

µ⌫
/2.

These operators could originate from complex phases
in the interactions between the Higgs boson and heavy
fermions, whose masses are far above the electroweak
scale. Additional complex phases in the SM Yukawa sec-
tor would be another source of CP-violation, e.g. in the
tt̄h interaction [25–28]. Any kinematic e↵ect from this in-
teraction would be degenerate with O

HG̃
in gluon-fusion

production as long as the mt threshold is not resolved
kinematically, which does not happen for our choice of
measurements. An associated blind direction is therefore
implied in our constraints.

The operators of Eq. (1) are well-motivated candidate
interactions for our analysis. They are closed under RGE
flow [29–33], allowing well-defined constraints. Further,
the small number of operators can be probed with a few
di↵erential distributions.
For completeness, analogous CP-even deformations to

the SM are also introduced (OHG, OHW , OHB , OHWB).
The e↵ective Lagrangian is then defined as

L = LSM +
X

i

ci
⇤2

Oi (2)

where the sum runs over the CP-even and CP-odd op-
erators. This allows us to split the amplitude into an
SM part, MSM, and a genuine dimension-6 part, Md6.
Including all dimension-6 e↵ects yields

|M|
2 = |MSM|

2 + 2Re (M?

SMMd6) +O(⇤�4). (3)

The integration over interference terms (proportional to
1/⇤2) vanishes when only CP-odd EFT operators con-
tribute [34] at dimension-6 because the SM amplitude is
CP-even and the integrated e↵ect of interfering the SM
amplitude with a CP-odd amplitude is zero. This means
that there is no contribution from the interference term
to the inclusive rate, or to CP-even observables such as
transverse momenta and invariant masses, and the only
contribution is to appropriately constructed CP-odd ob-
servables. This is not the case for terms proportional to
1/⇤4, which contain the squared dimension-6 amplitude
and produce a CP-even e↵ect regardless of the nature
of the operator. This has historically served as a moti-
vation to constrain CP-odd operators with momentum-
dependent observables in a range of production modes
[26, 28, 35–43]. However, such an approach is model-
dependent since it neglects dimension-8 operators that
interfere with the SM and in general produce similar
O(1/⇤4) e↵ects.
In this paper we limit ourselves to interference-only

e↵ects so the constraints on CP-odd operators will be
entirely derived from CP-odd observables, which are dis-
cussed in the next section. This approach is naturally
less sensitive compared to including |Md6|

2 terms so it
provides a conservative outlook into the future: if pertur-
batively meaningful constraints can be obtained in the
linearised approach, these will only be strengthened if
|Md6|

2 terms are included.
The interference-only contribution from each operator

to each observable is constructed using Madgraph5 [44]
and the SMEFT implementation of Ref. [45]. Event sam-
ples are produced separately for gluon-fusion and weak-
boson-fusion production at fixed values of ci = 1 and
⇤ = 1 TeV. These parton-level events are passed to
Pythia8 [46] to model the Higgs-boson decay, parton
showering, hadronisation and multiple parton interac-
tions. Rivet [47] is then used to select events in each
decay channel and to construct each observable accord-
ing to the selection criteria published in the experimen-
tal papers. The cross-section contribution in each bin

+ top Yukawa phase
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Constraining P- and CP-violating interactions in dimension six e↵ective field theory requires lifting
degeneracies in the multi-dimensional coupling space. Furthermore, when employing the linearised
EFT approach where only interference contributions with the SM are considered, the number of
observables that provide genuine discriminating power of such interactions is limited. In this work,
we consider Higgs production from gluon fusion in association with two jets and top-pair associated
Higgs production and discuss how genuinely CP-sensitive observables can be improved by exploiting
the top-threshold. While the improvement can be statistics-limited through clean tt̄h final states
at the LHC, we show that one can expect large improvements when turning to 27 TeV or 100 TeV
collisions. In passing, we also discuss the benefits of an top-threshold-assisted approach for analyses
that include squared dimension six interactions.

I. INTRODUCTION

The search for new physics beyond the Standard Model
(SM) is a central task of the Large Hadron Collider
(LHC). With established and motivated models under
increasing pressure as more data get scrutinised, phe-
nomenological analyses have turned to largely model-
independent measurement and interpretation strategies
adopting the framework of SM e↵ective field theory
(EFT) [1–5]. SMEFT as a theoretical framework has
undergone a rapid development over the past years,
e.g. [6–13].

EFTs facilitate the communication between the weak
or measurement scale, and a UV completion that the
EFT approach would like to see itself contrasted with. As
the UV completion of the SM is currently unknown, the
leading operator dimension six deformations of the SM
imply 2499 independent parameters [14] that should be
considered as a priori free when we would like to constrain
generic beyond the SM (BSM) physics that is su�ciently
close to the decoupling limit to justify the dimension six
approach.

Established phenomena such as the observed matter–
anti-matter asymmetry, however, provide us a hint where
motivated physics might be found, without making too
many assumptions about the precise form of the UV com-
pletion itself. For instance, Sakharov’s criteria [15] of
baryogenesis motivate the direct search for CP-violating
e↵ects on top of the CP-violating sources in the SM,
which are insu�cient to account for the observed matter–
anti-matter asymmetry. As the only source of CP viola-
tion in the SM is associated with the fermion-Higgs inter-
actions, the Higgs sector naturally assumes a central role
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in such a search, in particular because its precise form is
a lot less well-constrained compared to the gauge sectors.
CP-violating e↵ects associated with ”genuine” dimen-

sion six e↵ects, i.e. contributions that arise from the
interference of SM contribution with dimension six oper-
ators is limited to genuine CP-odd observables, and more
specifically asymmetries thereof [16, 17]. In the context
of Higgs physics these are the so-called signed �jj [18]
(see also [19–23]) in gluon and weak boson fusion. Such
a definition can be adopted to top quark-associated pro-
duction as well, as discussed in detail recently in Ref. [24].
Working in the dimension six linearised approxima-

tion, these asymmetries are the only phenomenological
e↵ects that are present; the interference cancels identi-
cally for any CP-even observable. This, in particular,
includes total cross sections and decay widths as well as
momentum transfer-dependent observables such as the
transverse momentum of the Higgs boson in these pro-
cesses.
The latter implies a potential issue of CP-analyses in

the Higgs sector. Gluon fusion in association with 2 jets
receives corrections from both

Õg =
↵s

8⇡v
G

a
µ⌫G̃

a µ⌫
h,

Õt = it̄�5th ,

(1)

where t denotes the top quark, G
a
µ⌫ is the gluon field

strength with dual G̃
µ⌫ = ✏

µ⌫⇢�
G⇢�/2, h represents the

physical Higgs boson with mass mh = 125 GeV and
v = 246 GeV is the Higgs’ vacuum expectation value.
The normalisation of Õg corresponds to integrating out
the top quark with CP-odd couplings with Yukawa cou-
pling size

p
2mt/v in the limit mt ! 1 [25–27]. In the

following we will denote c̃g, c̃t as the corresponding Wil-
son coe�cients of Eq. (1).
It is well known that the mt-associated threshold ef-

fects allow us to di↵erentiate between these parameters in
their CP-even manifestation using momentum transfer-
dependent observables [28–35]. Together with the infor-
mation from top quark-associated Higgs production, this
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top quark‣ lifting top-specific blind directions

‣ split GF selection into mt-related Higgs pT threshold ∼ 150 GeV

CP violation

= ÕG
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[CE, Galler, Pilkington, Spannowsky in prep.]
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FIG. 7: Comparison between scenario 1 and 2 as well as linear and quadratic contributions of the 95% confidence level
constraints on c̃g and c̃t for 27 TeV and 100 TeV.

context. The small statistics which is expected in the
tt̄h channel with clean leptonic final states that enables
a clean definition of sensitive observables based on the
signed �`` limits the expected sensitivity as well as pos-
sibility to lift blind directions in the gluon-fusion related
channels.

Furthermore, and quite di↵erent from (C)P-even de-
formations of the SM, power-counting arguments for
the e↵ective interactions have a direct phenomenologi-
cal consequence. While fully binned distributions pro-
vide a sensitive probe under all considerations of our
work, for small CP-violating phases where we would
expect SM interference-driven contributions to play a
significant role in the limit setting, the decoupling of
rate information seriously impacts the overall sensitiv-
ity of CP-analyses at the LHC. This is only partially
mended at the high-energy LHC with 27 TeV as energy
thresholds and expected statistics do not lead to a big
enough improvement. While the precise specifications
of a 100 TeV hadron collider are currently debated, the
expected statistical improvement at such a machine lo-
cates the expected limit in a parameter region where the
interference-driven interpretation starts saturating the
EFT limit, i.e. power-counting assumptions do not im-
pact the constraint quantitatively. The latter point is
also supported by estimates of the EFT-related parame-
ter validity ranges that are accessed through Monte Carlo
simulations.

In summary we can state two main conclusions of our
analysis. First, CP violating e↵ects in the top-Higgs sec-
tor can be extracted in a perturbatively robust way when
measurements with high statistics are available. This
can be realized by increased production cross sections at
larger center-of-mass energies and increased integrated
luminosities. We observe that for example at a 100 TeV
collider c̃g and c̃t are constrained to a parameter region
where quadratic dimension six contributions are consid-

erably reduced resulting in perturbatively robust exclu-
sion limits. This leaves the linear contribution as the
dominant e↵ect from dimension six operators. Second,
since we consider CP-odd operators the linear contribu-
tion is indeed CP-odd while the quadratic contribution is
CP-even which is di�cult to disentangle from contribu-
tions of other CP-even operators. The fact that we can
determine perturbatively robust results because only the
linear contribution is dominant therefore also puts us in
the position to cleanly study CP-odd SM deformations
which otherwise would be intertwined with CP-even con-
tributions.
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Appendix A: Branching ratios in the presence of

squared dimension six contributions

The operators Õg and Õt add a pseudoscalar compo-
nent to the following partial decay widths �(h ! gg),
�(h ! ��) and �(h ! Z�) of the Higgs. Hence, the
branching ratios BR(h ! ��) and BR(h ! bb̄) depend
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�S = 0.00 �S = 0.01 �S = 0.015 �S = 0.02 �S = 0.025

rB = 0.5 2.7% 3.4% 4.1% 4.9% 5.8%

rB = 1.0 3.4% 3.9% 4.6% 5.3% 6.1%

rB = 1.5 3.9% 4.4% 5.0% 5.7% 6.4%

rB = 2.0 4.4% 4.8% 5.4% 6.0% 6.8%

rB = 3.0 5.2% 5.6% 6.0% 6.6% 7.3%

Table 30: Impact of the systematic uncertainties on the precision on the trilinear Higgs coupling. The precision on
�3 is shown for different values of the systematic uncertainty on the signal, �S , and of the rescaling factor for the
total background rate rB . The “Medium” detector performance scenario and an integrated luminosity of 30 ab�1

have been assumed.

main limitation in the extraction of �3. At present, as already discussed, the computation of the signal
has a ⇠ 10% uncertainty due to the use of the infinite top mass approximation. It is highly probable that
finite-mass computations will become available in the near future. The remaining uncertainty from scale
variation at NNLL order is still ⇠ 5%, while the pdf error is ⇠ 3%. Without further improvements on
these two issues, the systematic uncertainty will be the main limiting factor in the determination of �3

and the maximal precision would be limited to ��3/�3 ⇠ 10%.

5.2.3 The HH ! bb̄bb̄ channel
In the analysis of the bb̄�� final state presented in the previous subsection, a large fraction of the double
Higgs production cross section was sacrificed in order to select a clean final state, for which the back-
ground levels can be easily kept under control. In this subsection a different strategy is considered which
makes use of the final state with the largest branching ratio, namely bb̄bb̄. The total cross section for
this final state is 580 fb at a hadronic 100 TeV collider, which is two order of magnitude larger than
the bb̄�� one. The level of backgrounds one needs to cope with, however, is much larger thus severely
complicating the signal extraction.

One of the possible advantages of the bb̄bb̄ final state is the fact that it provides a reasonable
number of events in the tail at large invariant masses of the Higgs pair. This, in principle, allows one to
analyse the high-energy kinematic regime much better than other final states with smaller cross sections.
As we discussed before, the tail of the mhh distribution is not particularly sensitive to the change of the
trilinear Higgs coupling, which mostly affects the kinematic distribution at threshold. However it can be
more sensitive to other new-physics effects, such as deviations induced by dimension-6 and dimension-8
effective operators that induce a contact interaction between the Higgs and the gluons (see for instance
the discussion in Ref. [189]). The analysis of these effects, although interesting and worth studying
further, goes beyond the scope of the present report. In the following we will concentrate only on the
SM case and on the extraction of the Higgs trilinear coupling and we will discuss an analysis based on a
recent feasibility study at the 14 TeV LHC [218],9 with suitable modifications for the 100 TeV case.

5.2.3.1 Monte Carlo samples generation
Higgs pair production in the gluon-fusion channel is simulated at LO thorugh MadGraph5_aMC@NLO [134,
211] by using the recently developed functionalities for loop-induced processes [221]. The calculation
is performed in the nf = 4 scheme and the renormalization and factorization scales are taken to be
µF = µR = HT /2. The NNPDF 3.0 nf = 4 LO set [111] is adopted with ↵s(m2

Z) = 0.118, interfaced
via LHAPDF6 [124]. To achieve the correct higher-order value of the integrated cross-section, the LO
signal sample is rescaled to match the NNLO+NNLL inclusive calculation [202, 207]. Parton level

9Other studies of Higgs pair production in the same final state at the LHC can be found in Refs. [219, 220].
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Fig. 60: Diagrams contributing to the Higgs pair production process through gluon fusion (an additional diagram
obtained by crossing the box one is not shown).

channel a statistical precision of the order of 1 � 2% is expected on the SM signal cross section, while
the Higgs trilinear coupling could be determined with a precision of order 3 � 4%. These numbers have
to be compared with the precision expected at a possible future high-energy lepton collider, at which the
Higgs trilinear coupling is expected to be measurable with a precision ⇠ 16% for a COM energy ⇠ 1 TeV
and 2 ab�1 integrated luminosity [197–199]. A better precision, of around 12%, is only achievable with
a 3 TeV collider and 2 ab�1 integrated luminosity [200, 201]. Other final states, namely bb̄bb̄ and final
states containing leptons, can also lead to a measurement of the SM signal, although in these cases the
expected significance is lower than in the bb̄�� channel.

Finally, the Higgs quartic self-coupling can be probed through the triple Higgs production channel.
In this case the most promising final state seems to be bb̄bb̄��, whose cross section is however small. This
channel could allow an order-one determination of the SM production rate and could constrain the quartic
coupling in the range �4 2 [�4, +16].

5.2 Double Higgs production from gluon fusion
We start the presentation of the analyses of the various Higgs pair production channels by considering the
gluon-fusion process, which, as we saw, provides the dominant contribution to the total rate. At 100 TeV,
the gluon fusion cross section computed at NNLL (matched to NNLO) accuracy is 1750 fb [29]. At
present, this result is affected by a significant uncertainty (of the order of 10%) due to the fact that the
NLO and NNLO contributions are only known in the infinite top mass limit. A discussion of the current
status of the computations and of the sources of uncertainties will be provided in Subsection 5.2.1.

In the SM the gluon fusion process receives contributions from two types of diagrams (see Fig. 60).
The box-type diagrams, which depend on the top Yukawa couplings, and the triangle-type one, which
in addition to the top Yukawa also includes the trilinear Higgs self-interaction. In the SM a partial
cancellation between these two kinds of diagrams is present, which leads to a ⇠ 50% suppression of the
total cross section. The behavior of the box and the triangle diagrams at high

p
ŝ = mhh � mt, mh is

quite different however. The corresponding amplitudes scale as

A⇤ ⇠
↵s

4⇡
y2

t , A4 ⇠ �3
↵s

4⇡
y2

t
m2

h

ŝ

✓
log

m2
t

ŝ
+ i⇡

◆2

. (43)

From these equations it is apparent that, due to the presence of the off-shell Higgs propagator, the tri-
angle diagram is suppressed for high ŝ. This implies that the Higgs trilinear coupling affects the mhh

distribution mostly at threshold, while the tail at large invariant mass is mostly determined by the box
contribution.

The shape of the Higgs pair invariant mass distribution for the SM signal is shown in Fig. 61 [202].
The central line corresponds to the choice µF = µR = Mhh/2 for the factorization and renormalization
scales, and the band illustrates the scale uncertainty, evaluated by varying independently the above scales
in the range µ0/2  µR, µF  2µ0 with the constraint 1/2  µR/µF < 2, where µ0 is the central scale.
The lower panel shows the ratio with respect to the central value, and it can be seen that the scale
uncertainty is roughly constant in the whole range, being of the order of ±5%. One can see that the
peak of the distribution is at mhh ⇠ 400 GeV and some suppression is present close to threshold. The
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FIG. 1: Leading-order parton level distributions (including flat NLO normalisation K factors) of the dihiggs invariant mass
mhh and transverse momentum pT,h for pp → hh at

√
s = 100 TeV for λ = 0, λSM and 2λSM, shown with the λ/λSM = 1 case

for
√
s = 14 TeV for comparison.
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FIG. 2: Leading-order parton level distributions of the dihiggs invariant mass mhh and maximum transverse momentum
max pT,h for pp → hhj at

√
s = 100 TeV for pT,j ≥ 80 GeV and |ηj | ≤ 4.5, for λ = 0, λSM and 2λSM. We also include the

λ/λSM = 1 case for
√
s = 14 TeV for comparison.

at
√
s = 100 TeV in order to provide a reliable estimate of

the sensitivity which a very high energy hadron collider
would have to variations in the trilinear Higgs coupling.
We also consider the related same process accompanied
by a high transverse momentum jet, which, as argued
in [10], accesses new regions of phase space as well as
offering a powerful means to further suppress background
processes at the LHC.
We find that previous studies have substantially over-

estimated the performance of a 100 TeV proton-proton
collider to measure the Higgs trilinear coupling. For a
3/ab data sample, we find a sensitivity to the trilinear
coupling of order 30%, which is comparable to a mea-
surement at the ILC. For a data set of 30/ab we find an
O(10%) sensitivity subject to the details of background
systematics.

This work is organised as follows: In Section II we
review the kinematic Higgs distributions at 100 TeV, be-

fore presenting details of our analysis and simulations in
Sec. III. In particular, we discuss hh → bb̄γγ production
in Sec. III A, and investigate hh + jet in Sec. III B. We
present a combination of the results of these channels in
Sec. III B, before we conclude with a brief discussion and
comments on future studies in Sec. IV.

II. KINEMATICS

We generate signal events at leading order in
the Les Houches Event File format [27] using
a combination of the Vbfnlo [28] and Fey-
nArts/FormCalc/LoopTools [29] frameworks.
We normalise to the NLO cross section by multiplying a
phase-space independent K-factor of 1.65 [30, 31].
Our leading order results for λ = (0, 1, 2)λSM are

σsig = (1676.9, 860.6, 415.5) fb respectively. These are to
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Fig. 59: Dependence of total cross sections on the Higgs trilinear coupling at 14 TeV. From ref. [196].

process precision on �SM 68% CL interval on Higgs self-couplings

HH ! bb�� 3% �3 2 [0.97, 1.03]

HH ! bbbb 5% �3 2 [0.9, 1.5]

HH ! bb4` O(25%) �3 2 [0.6, 1.4]

HH ! bb`+`� O(15%) �3 2 [0.8, 1.2]

HH ! bb`+`�� � �

HHH ! bb̄bb̄�� O(100%) �4 2 [�4, +16]

Table 26: Expected precision (at 68% CL) on the SM cross section and 68% CL interval on the Higgs trilinear and
quartic self-couplings (in SM units). All the numbers are obtained for an integrated luminosity of 30 ab�1 and do
not take into account possible systematic errors.

modes, in association with a gauge boson or with tj, play a secondary role, since their cross section is at
most ⇠ 8 fb. Finally, triple Higgs production has a cross section around 5 fb.

As we already mentioned, the main aim of the analyses reported in this section is to determine the
precision with which the SM production rates and the Higgs self-couplings can be measured. It is thus
important to analyze the dependence of the cross section on the Higgs self-couplings. The production
rates for the Higgs pair production channels are shown in Fig. 59 as a function of the trilinear Higgs
coupling �3. Although the plot shows the rates for the 14 TeV LHC, it is approximately valid also at
100 TeV. One can see that for �3 ⇠ 1, i.e. for values close to the SM one, a significant reduction in the
cross section is present in the gluon-fusion and VBF channels and, even more, in the HHtj channel.
This feature decreases the signal significance for the SM case. However, it allows one to more easily
differentiate scenarios with a modified trilinear coupling (especially if �3 < 1), since in these cases a
large increase in the cross section is present.

In the following we will present a few analyses focused on the most important multi-Higgs pro-
duction channels. Here we summarize the main results. In particular, the expected precisions on the
extraction of the SM signal cross section and the Higgs self-couplings are listed in Table 26.

Due to the sizable cross section, the gluon-fusion mode lends itself to the exploitation of several
final states. As at the 14 TeV LHC, the bb̄�� final state remains the “golden” channel, since it retains
a significant signal rate and allows one to efficiently keep the backgrounds under control. From this

77

[Frederix et al `14]

[Barr et al `14]

e.g. 
[Glover, van der Bij `88]

HH pheno

e.g. 
[Giudice, Grojean, Pomarol, Rattazzi `07]



!38

LHC blind spots: Higgs potentialHiggs boson Pair Production

expected uncertainty
2− 1− 0 1 2 3 4 5

bbbb
µ

VVbb
µ

bbττ
µ

bbγγ
µ

ECFA16 S2 Stat. Only

 = 13 TeVs Projection CMS  HH→SM gg 

(S2+)

]-1total luminosity [fb
210 310

si
gn

ifi
ca

nc
e

1−10 ECFA16 S1

ECFA16 S2

Stat. error only

CMS projection

bb channelττ→HH→gg

(13 TeV)

Miguel Vidal ECFA 2016 04/10/2016 17 / 24

unchanged syst.

scaled syst. + theory/2

HH pheno



!39

LHC blind spots: Higgs potential

‣ however…

g

g h

h

t

g

g h

h

t
h

Fig. 60: Diagrams contributing to the Higgs pair production process through gluon fusion (an additional diagram
obtained by crossing the box one is not shown).

channel a statistical precision of the order of 1 � 2% is expected on the SM signal cross section, while
the Higgs trilinear coupling could be determined with a precision of order 3 � 4%. These numbers have
to be compared with the precision expected at a possible future high-energy lepton collider, at which the
Higgs trilinear coupling is expected to be measurable with a precision ⇠ 16% for a COM energy ⇠ 1 TeV
and 2 ab�1 integrated luminosity [197–199]. A better precision, of around 12%, is only achievable with
a 3 TeV collider and 2 ab�1 integrated luminosity [200, 201]. Other final states, namely bb̄bb̄ and final
states containing leptons, can also lead to a measurement of the SM signal, although in these cases the
expected significance is lower than in the bb̄�� channel.

Finally, the Higgs quartic self-coupling can be probed through the triple Higgs production channel.
In this case the most promising final state seems to be bb̄bb̄��, whose cross section is however small. This
channel could allow an order-one determination of the SM production rate and could constrain the quartic
coupling in the range �4 2 [�4, +16].

5.2 Double Higgs production from gluon fusion
We start the presentation of the analyses of the various Higgs pair production channels by considering the
gluon-fusion process, which, as we saw, provides the dominant contribution to the total rate. At 100 TeV,
the gluon fusion cross section computed at NNLL (matched to NNLO) accuracy is 1750 fb [29]. At
present, this result is affected by a significant uncertainty (of the order of 10%) due to the fact that the
NLO and NNLO contributions are only known in the infinite top mass limit. A discussion of the current
status of the computations and of the sources of uncertainties will be provided in Subsection 5.2.1.

In the SM the gluon fusion process receives contributions from two types of diagrams (see Fig. 60).
The box-type diagrams, which depend on the top Yukawa couplings, and the triangle-type one, which
in addition to the top Yukawa also includes the trilinear Higgs self-interaction. In the SM a partial
cancellation between these two kinds of diagrams is present, which leads to a ⇠ 50% suppression of the
total cross section. The behavior of the box and the triangle diagrams at high

p
ŝ = mhh � mt, mh is

quite different however. The corresponding amplitudes scale as
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From these equations it is apparent that, due to the presence of the off-shell Higgs propagator, the tri-
angle diagram is suppressed for high ŝ. This implies that the Higgs trilinear coupling affects the mhh

distribution mostly at threshold, while the tail at large invariant mass is mostly determined by the box
contribution.

The shape of the Higgs pair invariant mass distribution for the SM signal is shown in Fig. 61 [202].
The central line corresponds to the choice µF = µR = Mhh/2 for the factorization and renormalization
scales, and the band illustrates the scale uncertainty, evaluated by varying independently the above scales
in the range µ0/2  µR, µF  2µ0 with the constraint 1/2  µR/µF < 2, where µ0 is the central scale.
The lower panel shows the ratio with respect to the central value, and it can be seen that the scale
uncertainty is roughly constant in the whole range, being of the order of ±5%. One can see that the
peak of the distribution is at mhh ⇠ 400 GeV and some suppression is present close to threshold. The
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Fig. 60: Diagrams contributing to the Higgs pair production process through gluon fusion (an additional diagram
obtained by crossing the box one is not shown).

channel a statistical precision of the order of 1 � 2% is expected on the SM signal cross section, while
the Higgs trilinear coupling could be determined with a precision of order 3 � 4%. These numbers have
to be compared with the precision expected at a possible future high-energy lepton collider, at which the
Higgs trilinear coupling is expected to be measurable with a precision ⇠ 16% for a COM energy ⇠ 1 TeV
and 2 ab�1 integrated luminosity [197–199]. A better precision, of around 12%, is only achievable with
a 3 TeV collider and 2 ab�1 integrated luminosity [200, 201]. Other final states, namely bb̄bb̄ and final
states containing leptons, can also lead to a measurement of the SM signal, although in these cases the
expected significance is lower than in the bb̄�� channel.

Finally, the Higgs quartic self-coupling can be probed through the triple Higgs production channel.
In this case the most promising final state seems to be bb̄bb̄��, whose cross section is however small. This
channel could allow an order-one determination of the SM production rate and could constrain the quartic
coupling in the range �4 2 [�4, +16].

5.2 Double Higgs production from gluon fusion
We start the presentation of the analyses of the various Higgs pair production channels by considering the
gluon-fusion process, which, as we saw, provides the dominant contribution to the total rate. At 100 TeV,
the gluon fusion cross section computed at NNLL (matched to NNLO) accuracy is 1750 fb [29]. At
present, this result is affected by a significant uncertainty (of the order of 10%) due to the fact that the
NLO and NNLO contributions are only known in the infinite top mass limit. A discussion of the current
status of the computations and of the sources of uncertainties will be provided in Subsection 5.2.1.

In the SM the gluon fusion process receives contributions from two types of diagrams (see Fig. 60).
The box-type diagrams, which depend on the top Yukawa couplings, and the triangle-type one, which
in addition to the top Yukawa also includes the trilinear Higgs self-interaction. In the SM a partial
cancellation between these two kinds of diagrams is present, which leads to a ⇠ 50% suppression of the
total cross section. The behavior of the box and the triangle diagrams at high

p
ŝ = mhh � mt, mh is

quite different however. The corresponding amplitudes scale as
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From these equations it is apparent that, due to the presence of the off-shell Higgs propagator, the tri-
angle diagram is suppressed for high ŝ. This implies that the Higgs trilinear coupling affects the mhh

distribution mostly at threshold, while the tail at large invariant mass is mostly determined by the box
contribution.

The shape of the Higgs pair invariant mass distribution for the SM signal is shown in Fig. 61 [202].
The central line corresponds to the choice µF = µR = Mhh/2 for the factorization and renormalization
scales, and the band illustrates the scale uncertainty, evaluated by varying independently the above scales
in the range µ0/2  µR, µF  2µ0 with the constraint 1/2  µR/µF < 2, where µ0 is the central scale.
The lower panel shows the ratio with respect to the central value, and it can be seen that the scale
uncertainty is roughly constant in the whole range, being of the order of ±5%. One can see that the
peak of the distribution is at mhh ⇠ 400 GeV and some suppression is present close to threshold. The
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Fig. 60: Diagrams contributing to the Higgs pair production process through gluon fusion (an additional diagram
obtained by crossing the box one is not shown).

channel a statistical precision of the order of 1 � 2% is expected on the SM signal cross section, while
the Higgs trilinear coupling could be determined with a precision of order 3 � 4%. These numbers have
to be compared with the precision expected at a possible future high-energy lepton collider, at which the
Higgs trilinear coupling is expected to be measurable with a precision ⇠ 16% for a COM energy ⇠ 1 TeV
and 2 ab�1 integrated luminosity [197–199]. A better precision, of around 12%, is only achievable with
a 3 TeV collider and 2 ab�1 integrated luminosity [200, 201]. Other final states, namely bb̄bb̄ and final
states containing leptons, can also lead to a measurement of the SM signal, although in these cases the
expected significance is lower than in the bb̄�� channel.

Finally, the Higgs quartic self-coupling can be probed through the triple Higgs production channel.
In this case the most promising final state seems to be bb̄bb̄��, whose cross section is however small. This
channel could allow an order-one determination of the SM production rate and could constrain the quartic
coupling in the range �4 2 [�4, +16].

5.2 Double Higgs production from gluon fusion
We start the presentation of the analyses of the various Higgs pair production channels by considering the
gluon-fusion process, which, as we saw, provides the dominant contribution to the total rate. At 100 TeV,
the gluon fusion cross section computed at NNLL (matched to NNLO) accuracy is 1750 fb [29]. At
present, this result is affected by a significant uncertainty (of the order of 10%) due to the fact that the
NLO and NNLO contributions are only known in the infinite top mass limit. A discussion of the current
status of the computations and of the sources of uncertainties will be provided in Subsection 5.2.1.

In the SM the gluon fusion process receives contributions from two types of diagrams (see Fig. 60).
The box-type diagrams, which depend on the top Yukawa couplings, and the triangle-type one, which
in addition to the top Yukawa also includes the trilinear Higgs self-interaction. In the SM a partial
cancellation between these two kinds of diagrams is present, which leads to a ⇠ 50% suppression of the
total cross section. The behavior of the box and the triangle diagrams at high

p
ŝ = mhh � mt, mh is

quite different however. The corresponding amplitudes scale as
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From these equations it is apparent that, due to the presence of the off-shell Higgs propagator, the tri-
angle diagram is suppressed for high ŝ. This implies that the Higgs trilinear coupling affects the mhh

distribution mostly at threshold, while the tail at large invariant mass is mostly determined by the box
contribution.

The shape of the Higgs pair invariant mass distribution for the SM signal is shown in Fig. 61 [202].
The central line corresponds to the choice µF = µR = Mhh/2 for the factorization and renormalization
scales, and the band illustrates the scale uncertainty, evaluated by varying independently the above scales
in the range µ0/2  µR, µF  2µ0 with the constraint 1/2  µR/µF < 2, where µ0 is the central scale.
The lower panel shows the ratio with respect to the central value, and it can be seen that the scale
uncertainty is roughly constant in the whole range, being of the order of ±5%. One can see that the
peak of the distribution is at mhh ⇠ 400 GeV and some suppression is present close to threshold. The
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Fig. 60: Diagrams contributing to the Higgs pair production process through gluon fusion (an additional diagram
obtained by crossing the box one is not shown).

channel a statistical precision of the order of 1 � 2% is expected on the SM signal cross section, while
the Higgs trilinear coupling could be determined with a precision of order 3 � 4%. These numbers have
to be compared with the precision expected at a possible future high-energy lepton collider, at which the
Higgs trilinear coupling is expected to be measurable with a precision ⇠ 16% for a COM energy ⇠ 1 TeV
and 2 ab�1 integrated luminosity [197–199]. A better precision, of around 12%, is only achievable with
a 3 TeV collider and 2 ab�1 integrated luminosity [200, 201]. Other final states, namely bb̄bb̄ and final
states containing leptons, can also lead to a measurement of the SM signal, although in these cases the
expected significance is lower than in the bb̄�� channel.

Finally, the Higgs quartic self-coupling can be probed through the triple Higgs production channel.
In this case the most promising final state seems to be bb̄bb̄��, whose cross section is however small. This
channel could allow an order-one determination of the SM production rate and could constrain the quartic
coupling in the range �4 2 [�4, +16].

5.2 Double Higgs production from gluon fusion
We start the presentation of the analyses of the various Higgs pair production channels by considering the
gluon-fusion process, which, as we saw, provides the dominant contribution to the total rate. At 100 TeV,
the gluon fusion cross section computed at NNLL (matched to NNLO) accuracy is 1750 fb [29]. At
present, this result is affected by a significant uncertainty (of the order of 10%) due to the fact that the
NLO and NNLO contributions are only known in the infinite top mass limit. A discussion of the current
status of the computations and of the sources of uncertainties will be provided in Subsection 5.2.1.

In the SM the gluon fusion process receives contributions from two types of diagrams (see Fig. 60).
The box-type diagrams, which depend on the top Yukawa couplings, and the triangle-type one, which
in addition to the top Yukawa also includes the trilinear Higgs self-interaction. In the SM a partial
cancellation between these two kinds of diagrams is present, which leads to a ⇠ 50% suppression of the
total cross section. The behavior of the box and the triangle diagrams at high

p
ŝ = mhh � mt, mh is

quite different however. The corresponding amplitudes scale as
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From these equations it is apparent that, due to the presence of the off-shell Higgs propagator, the tri-
angle diagram is suppressed for high ŝ. This implies that the Higgs trilinear coupling affects the mhh

distribution mostly at threshold, while the tail at large invariant mass is mostly determined by the box
contribution.

The shape of the Higgs pair invariant mass distribution for the SM signal is shown in Fig. 61 [202].
The central line corresponds to the choice µF = µR = Mhh/2 for the factorization and renormalization
scales, and the band illustrates the scale uncertainty, evaluated by varying independently the above scales
in the range µ0/2  µR, µF  2µ0 with the constraint 1/2  µR/µF < 2, where µ0 is the central scale.
The lower panel shows the ratio with respect to the central value, and it can be seen that the scale
uncertainty is roughly constant in the whole range, being of the order of ±5%. One can see that the
peak of the distribution is at mhh ⇠ 400 GeV and some suppression is present close to threshold. The
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Fig. 60: Diagrams contributing to the Higgs pair production process through gluon fusion (an additional diagram
obtained by crossing the box one is not shown).

channel a statistical precision of the order of 1 � 2% is expected on the SM signal cross section, while
the Higgs trilinear coupling could be determined with a precision of order 3 � 4%. These numbers have
to be compared with the precision expected at a possible future high-energy lepton collider, at which the
Higgs trilinear coupling is expected to be measurable with a precision ⇠ 16% for a COM energy ⇠ 1 TeV
and 2 ab�1 integrated luminosity [197–199]. A better precision, of around 12%, is only achievable with
a 3 TeV collider and 2 ab�1 integrated luminosity [200, 201]. Other final states, namely bb̄bb̄ and final
states containing leptons, can also lead to a measurement of the SM signal, although in these cases the
expected significance is lower than in the bb̄�� channel.

Finally, the Higgs quartic self-coupling can be probed through the triple Higgs production channel.
In this case the most promising final state seems to be bb̄bb̄��, whose cross section is however small. This
channel could allow an order-one determination of the SM production rate and could constrain the quartic
coupling in the range �4 2 [�4, +16].

5.2 Double Higgs production from gluon fusion
We start the presentation of the analyses of the various Higgs pair production channels by considering the
gluon-fusion process, which, as we saw, provides the dominant contribution to the total rate. At 100 TeV,
the gluon fusion cross section computed at NNLL (matched to NNLO) accuracy is 1750 fb [29]. At
present, this result is affected by a significant uncertainty (of the order of 10%) due to the fact that the
NLO and NNLO contributions are only known in the infinite top mass limit. A discussion of the current
status of the computations and of the sources of uncertainties will be provided in Subsection 5.2.1.

In the SM the gluon fusion process receives contributions from two types of diagrams (see Fig. 60).
The box-type diagrams, which depend on the top Yukawa couplings, and the triangle-type one, which
in addition to the top Yukawa also includes the trilinear Higgs self-interaction. In the SM a partial
cancellation between these two kinds of diagrams is present, which leads to a ⇠ 50% suppression of the
total cross section. The behavior of the box and the triangle diagrams at high

p
ŝ = mhh � mt, mh is

quite different however. The corresponding amplitudes scale as
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From these equations it is apparent that, due to the presence of the off-shell Higgs propagator, the tri-
angle diagram is suppressed for high ŝ. This implies that the Higgs trilinear coupling affects the mhh

distribution mostly at threshold, while the tail at large invariant mass is mostly determined by the box
contribution.

The shape of the Higgs pair invariant mass distribution for the SM signal is shown in Fig. 61 [202].
The central line corresponds to the choice µF = µR = Mhh/2 for the factorization and renormalization
scales, and the band illustrates the scale uncertainty, evaluated by varying independently the above scales
in the range µ0/2  µR, µF  2µ0 with the constraint 1/2  µR/µF < 2, where µ0 is the central scale.
The lower panel shows the ratio with respect to the central value, and it can be seen that the scale
uncertainty is roughly constant in the whole range, being of the order of ±5%. One can see that the
peak of the distribution is at mhh ⇠ 400 GeV and some suppression is present close to threshold. The
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Fig. 60: Diagrams contributing to the Higgs pair production process through gluon fusion (an additional diagram
obtained by crossing the box one is not shown).

channel a statistical precision of the order of 1 � 2% is expected on the SM signal cross section, while
the Higgs trilinear coupling could be determined with a precision of order 3 � 4%. These numbers have
to be compared with the precision expected at a possible future high-energy lepton collider, at which the
Higgs trilinear coupling is expected to be measurable with a precision ⇠ 16% for a COM energy ⇠ 1 TeV
and 2 ab�1 integrated luminosity [197–199]. A better precision, of around 12%, is only achievable with
a 3 TeV collider and 2 ab�1 integrated luminosity [200, 201]. Other final states, namely bb̄bb̄ and final
states containing leptons, can also lead to a measurement of the SM signal, although in these cases the
expected significance is lower than in the bb̄�� channel.

Finally, the Higgs quartic self-coupling can be probed through the triple Higgs production channel.
In this case the most promising final state seems to be bb̄bb̄��, whose cross section is however small. This
channel could allow an order-one determination of the SM production rate and could constrain the quartic
coupling in the range �4 2 [�4, +16].

5.2 Double Higgs production from gluon fusion
We start the presentation of the analyses of the various Higgs pair production channels by considering the
gluon-fusion process, which, as we saw, provides the dominant contribution to the total rate. At 100 TeV,
the gluon fusion cross section computed at NNLL (matched to NNLO) accuracy is 1750 fb [29]. At
present, this result is affected by a significant uncertainty (of the order of 10%) due to the fact that the
NLO and NNLO contributions are only known in the infinite top mass limit. A discussion of the current
status of the computations and of the sources of uncertainties will be provided in Subsection 5.2.1.

In the SM the gluon fusion process receives contributions from two types of diagrams (see Fig. 60).
The box-type diagrams, which depend on the top Yukawa couplings, and the triangle-type one, which
in addition to the top Yukawa also includes the trilinear Higgs self-interaction. In the SM a partial
cancellation between these two kinds of diagrams is present, which leads to a ⇠ 50% suppression of the
total cross section. The behavior of the box and the triangle diagrams at high

p
ŝ = mhh � mt, mh is

quite different however. The corresponding amplitudes scale as
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From these equations it is apparent that, due to the presence of the off-shell Higgs propagator, the tri-
angle diagram is suppressed for high ŝ. This implies that the Higgs trilinear coupling affects the mhh

distribution mostly at threshold, while the tail at large invariant mass is mostly determined by the box
contribution.

The shape of the Higgs pair invariant mass distribution for the SM signal is shown in Fig. 61 [202].
The central line corresponds to the choice µF = µR = Mhh/2 for the factorization and renormalization
scales, and the band illustrates the scale uncertainty, evaluated by varying independently the above scales
in the range µ0/2  µR, µF  2µ0 with the constraint 1/2  µR/µF < 2, where µ0 is the central scale.
The lower panel shows the ratio with respect to the central value, and it can be seen that the scale
uncertainty is roughly constant in the whole range, being of the order of ±5%. One can see that the
peak of the distribution is at mhh ⇠ 400 GeV and some suppression is present close to threshold. The
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Fig. 60: Diagrams contributing to the Higgs pair production process through gluon fusion (an additional diagram
obtained by crossing the box one is not shown).

channel a statistical precision of the order of 1 � 2% is expected on the SM signal cross section, while
the Higgs trilinear coupling could be determined with a precision of order 3 � 4%. These numbers have
to be compared with the precision expected at a possible future high-energy lepton collider, at which the
Higgs trilinear coupling is expected to be measurable with a precision ⇠ 16% for a COM energy ⇠ 1 TeV
and 2 ab�1 integrated luminosity [197–199]. A better precision, of around 12%, is only achievable with
a 3 TeV collider and 2 ab�1 integrated luminosity [200, 201]. Other final states, namely bb̄bb̄ and final
states containing leptons, can also lead to a measurement of the SM signal, although in these cases the
expected significance is lower than in the bb̄�� channel.

Finally, the Higgs quartic self-coupling can be probed through the triple Higgs production channel.
In this case the most promising final state seems to be bb̄bb̄��, whose cross section is however small. This
channel could allow an order-one determination of the SM production rate and could constrain the quartic
coupling in the range �4 2 [�4, +16].

5.2 Double Higgs production from gluon fusion
We start the presentation of the analyses of the various Higgs pair production channels by considering the
gluon-fusion process, which, as we saw, provides the dominant contribution to the total rate. At 100 TeV,
the gluon fusion cross section computed at NNLL (matched to NNLO) accuracy is 1750 fb [29]. At
present, this result is affected by a significant uncertainty (of the order of 10%) due to the fact that the
NLO and NNLO contributions are only known in the infinite top mass limit. A discussion of the current
status of the computations and of the sources of uncertainties will be provided in Subsection 5.2.1.

In the SM the gluon fusion process receives contributions from two types of diagrams (see Fig. 60).
The box-type diagrams, which depend on the top Yukawa couplings, and the triangle-type one, which
in addition to the top Yukawa also includes the trilinear Higgs self-interaction. In the SM a partial
cancellation between these two kinds of diagrams is present, which leads to a ⇠ 50% suppression of the
total cross section. The behavior of the box and the triangle diagrams at high

p
ŝ = mhh � mt, mh is

quite different however. The corresponding amplitudes scale as
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From these equations it is apparent that, due to the presence of the off-shell Higgs propagator, the tri-
angle diagram is suppressed for high ŝ. This implies that the Higgs trilinear coupling affects the mhh

distribution mostly at threshold, while the tail at large invariant mass is mostly determined by the box
contribution.

The shape of the Higgs pair invariant mass distribution for the SM signal is shown in Fig. 61 [202].
The central line corresponds to the choice µF = µR = Mhh/2 for the factorization and renormalization
scales, and the band illustrates the scale uncertainty, evaluated by varying independently the above scales
in the range µ0/2  µR, µF  2µ0 with the constraint 1/2  µR/µF < 2, where µ0 is the central scale.
The lower panel shows the ratio with respect to the central value, and it can be seen that the scale
uncertainty is roughly constant in the whole range, being of the order of ±5%. One can see that the
peak of the distribution is at mhh ⇠ 400 GeV and some suppression is present close to threshold. The
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Fig. 60: Diagrams contributing to the Higgs pair production process through gluon fusion (an additional diagram
obtained by crossing the box one is not shown).

channel a statistical precision of the order of 1 � 2% is expected on the SM signal cross section, while
the Higgs trilinear coupling could be determined with a precision of order 3 � 4%. These numbers have
to be compared with the precision expected at a possible future high-energy lepton collider, at which the
Higgs trilinear coupling is expected to be measurable with a precision ⇠ 16% for a COM energy ⇠ 1 TeV
and 2 ab�1 integrated luminosity [197–199]. A better precision, of around 12%, is only achievable with
a 3 TeV collider and 2 ab�1 integrated luminosity [200, 201]. Other final states, namely bb̄bb̄ and final
states containing leptons, can also lead to a measurement of the SM signal, although in these cases the
expected significance is lower than in the bb̄�� channel.

Finally, the Higgs quartic self-coupling can be probed through the triple Higgs production channel.
In this case the most promising final state seems to be bb̄bb̄��, whose cross section is however small. This
channel could allow an order-one determination of the SM production rate and could constrain the quartic
coupling in the range �4 2 [�4, +16].

5.2 Double Higgs production from gluon fusion
We start the presentation of the analyses of the various Higgs pair production channels by considering the
gluon-fusion process, which, as we saw, provides the dominant contribution to the total rate. At 100 TeV,
the gluon fusion cross section computed at NNLL (matched to NNLO) accuracy is 1750 fb [29]. At
present, this result is affected by a significant uncertainty (of the order of 10%) due to the fact that the
NLO and NNLO contributions are only known in the infinite top mass limit. A discussion of the current
status of the computations and of the sources of uncertainties will be provided in Subsection 5.2.1.

In the SM the gluon fusion process receives contributions from two types of diagrams (see Fig. 60).
The box-type diagrams, which depend on the top Yukawa couplings, and the triangle-type one, which
in addition to the top Yukawa also includes the trilinear Higgs self-interaction. In the SM a partial
cancellation between these two kinds of diagrams is present, which leads to a ⇠ 50% suppression of the
total cross section. The behavior of the box and the triangle diagrams at high

p
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quite different however. The corresponding amplitudes scale as
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From these equations it is apparent that, due to the presence of the off-shell Higgs propagator, the tri-
angle diagram is suppressed for high ŝ. This implies that the Higgs trilinear coupling affects the mhh

distribution mostly at threshold, while the tail at large invariant mass is mostly determined by the box
contribution.

The shape of the Higgs pair invariant mass distribution for the SM signal is shown in Fig. 61 [202].
The central line corresponds to the choice µF = µR = Mhh/2 for the factorization and renormalization
scales, and the band illustrates the scale uncertainty, evaluated by varying independently the above scales
in the range µ0/2  µR, µF  2µ0 with the constraint 1/2  µR/µF < 2, where µ0 is the central scale.
The lower panel shows the ratio with respect to the central value, and it can be seen that the scale
uncertainty is roughly constant in the whole range, being of the order of ±5%. One can see that the
peak of the distribution is at mhh ⇠ 400 GeV and some suppression is present close to threshold. The
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correlated with on-shell Higgs phenomenology 
broken by                       ….� t̄th2/�
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‣ easy to arrange EFT coefficients in a way to get spectacular rates, 
but can doubt physical relevance of such limits (→matching)

‣ use concrete Higgs sector extensions 

‣ extrapolate 125 GeV signal strengths 

‣ extrapolate exotic Higgs searches 

‣ additional constraints (electron EDMs, flavor, perturbativity, …)

in how far are di-
Higgs final states still 

relevant at 3/ab?

HH pheno
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C2HDM & NMSSM

SM-like measurements can show a plethora resonant anomalies 
diHiggs final states important for BSM discovery
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FIG. 2: C2HDM T1: Scatter plots for scenarios passing our applied constraints: Higgs pair production cross sections normalized
to the SM value for SM-like Higgs pairs decaying into (bb̄)(��) (left) and light-non-SM-like Higgs pairs decaying into (bb̄)(bb̄)
(right) as a function of the exclusion luminosity.

signatures that become relevant in BSM Higgs sectors.
Thus there exist Higgs spectra with heavy Higgs bosons
that dominantly decay into top quark pairs. These would
induce exotic four-top final states in heavy Higgs pair
production. Such signatures compete, however, with sin-
gle heavy Higgs production and subsequent decay into a
top-quark pair. Applying our rough estimate on the ex-
clusion power of the experiments for this process, based
on the Z

0 data, such scenarios are excluded already, al-
though they have been let through by HiggsBounds due
to the lack of a dedicated experimental analysis for this.
This shows the importance of experimental analyses in-
vestigating top pair final states from heavy Higgs pro-
duction in order to properly assess the exclusion limits
for BSM Higgs sectors - with dramatic e↵ects on possi-
ble Higgs pair production signatures. While our rough
extrapolation excludes about 0.6% of the T1 points for a
luminosity of about 36 fb�1, the e↵ect is much larger for
the T2 sample allowed by HiggsBounds††. Here about
22% of the points would be excluded. This is because
of the overall heavy non-SM-like Higgs bosons in T2 and
their prominent decays into top-quark pairs.

As can be inferred from the figures in the C2HDM T1,
the production of a SM-like Higgs pair with subsequent
decay into (bb̄)(��) can exceed the SM rates by up to
a factor 60. This maximum enhancement factor is the
same for all final states, as the branching ratios of the
SM-like Higgs boson h are almost the same as in the SM.
In the following, we will use the quantity

⌃X =
X

i2SM\{h}

BR(X ! i) , (26)

††
HiggsBounds takes into account data at 36 fb�1.

to classify whether a Higgs bosonX has a sizable non-SM
branching ratio and decay phenomenology. If ⌃X ' 1
then the exotic states can be dominantly discovered in
“standard” SM-Higgs-like decay channels, e.g. X ! bb̄

or tt̄ if the mass of X permits such a decay.
In the H#H# final state with both H#’s decaying into

bottom quarks the enhancement can even be up to a fac-
tor of about 200. The point with the maximum enhance-
ment corresponds to the one quoted in Tab. IV and the
enhancement is due to the large di-Higgs production pro-
cess of 3.2 pb and a slightly enhanced branching ratio into
b-quarks as compared to the SM. The same factor is found
for the (bb̄)(⌧ ⌧̄) final state. Due to a smaller branching
ratio into photons, however, the maximum allowed en-
hancement in the (bb̄)(��) final state only amounts up
to a factor of 40. The H# in this scenario has a mass of
mH# = 131 GeV, and the mass of H" is mH" = 313 GeV.
Its main branching ratios are BR(H" ! ZH#)= 0.53
and BR(H" ! H#H#) = 0.46. The maximum branch-
ing ratios of the charged Higgs boson with a mass of
mH+ = 312 GeV are BR(H+

! W
+
H#)=0.65 and

BR(H+
! tb̄)=0.34. With its large di-Higgs produc-

tion cross section and the large non-SM-like branching
ratios, this parameter point is an interesting scenario for
studying new physics e↵ects (also beyond the Higgs pair
events that we consider here).
All remaining di-Higgs production processes are less

promising. Thus the enhancement factor for hH# pro-
duction remains below 3 in the 4b and 2b2⌧ final state
and below 2 in the 2b2� final state. All other final states
range below the SM values.
As can already be inferred from the maximum di-Higgs

production values in T2, given in Tab. IV the situation
looks much less promising in the C2HDM T2. There are
very few points in hh production with subsequent decay
into the (2b)(2⌧) and 4b final state that exceed the SM

[Basler, Dawson, CE, Mühlleitner `18]

…diHiggs final states quickly lose relevance when approaching EFT limit

HH pheno
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C2HDM & NMSSM

exotics with large couplings to tops

below top pair threshold 
• compressed spectra 
• single Higgs competitive 

except b-final states 
(trigger etc…)

above top pair threshold 
• tt final states preferred 
• analysis highly model-

dependent due to dedicated 
S-B interference

opportunity for diHiggs

top interactions dominant

Higgs interactions dominant

above Higgs pair threshold 
• (multi) resonant diHiggs production (hh, hH,…)

opportunity for diHiggs

HH pheno
[Basler, Dawson, CE, Mühlleitner `18]
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Higgs in the SM and beyond

‣  Technical advances have been extremely rapid 
‣ matrix elements 
‣ jets 
‣ machine learning

‣ Opportunity to link the Higgs sector to new physics 
‣ cure SM shortcomings (CP violation…) 
‣ multi-Higgs production as a chance for BSM 
‣ LHC probably not be enough to achieve this in full glory

Summary


