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LHCb if painted by Van Gogh according to a Deep Neural Network.
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LHCb: The Large Hadron Collider beauty (quark) experiment
LHCb was built to study the decays of bound states containing b quarks, whose 
masses and lifetimes are ~5 GeV and ~1.5 ps, respectively. O(1%) of LHC pp 
collisions make b quarks.

LHCb, JINST 3 (2008) S08005 
LHCb, Int.J.Mod.Phys. A 30(2015) 1530022
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LHCb is a Forward Spectrometer 
(2 < η < 5, 1 < ! < 15o)



The Large Hadron Collider

  90 institutes 
  18 countries 
900 physicists 
550 papers 
40k citations

LHCb {



offline 
storage

Real-Time Calibration & Analysis

5 TB/s post zero 
suppression 

(30 EB / year) partial event inference  
loose selection

O(10) PB disk buffer

data buffered while all 
calibrations are run full event inference 

classification, keep all info for 
some events, and only selected 

info for other events

O(100k) CPU cores

I am interested in robustness, quantification of uncertainties, building physics knowledge into AI, etc.

60 PB / year
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single-subsystem selection on 
FPGAs, O(microsecond) latency

1 TB/s 50 GB/s

IAIFI /ai fai/ 
 https://iaifi.org

https://iaifi.org
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The Standard Model of Particle Physics

quarks
gauge bosons

leptons

Puzzles aside, the SM provides an empirically valid description of ordinary matter up to the 
O(TeV) energy scale / down to the O(10-19 m) length scale — but it should break at the Planck 
scale (1019 GeV) where quantum gravity becomes important. 

The SM incorporates all known particles and interactions except gravity. It would be difficult 
to overstate the success of the SM at describing microscopic physics as observed in 
countless laboratory experiments — though within the SM many puzzles remain.

Why are there 3 generations (copies) of each particle type? 

What is the origin of the fermion mass hierarchy? 

Why is the quark-mixing matrix almost diagonal? 

Why is our universe so thoroughly matter dominated? 

What is the source of electroweak symmetry breaking? 

[…etc…]



observed

predicted

Dark Energy

Dark 
Matter

Ordinary Matter

We’re in an era of precision ignorance. 
—Dan Whiteson (We Have No Idea)



Strong constraints on WIMPs up to O(TeV) from production searches at the LHC, and from 
both direct and indirect dark matter searches. What if dark matter just happens to be 10—
100 times heavier than our naive expectations? 
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Weakly Interacting Massive Particles (WIMPs)

beautiful 
theory

Dark
Matter

A Model of Dark Particle Physics?

How rich is the dark sector of matter?
Mike Williams 32

extended
higgs

more
fermions

more
bosons

make it

break it

shake it

SM

SM

WIMP Miracle: If DM particles have EW-scale masses and interactions, and were in thermal 
equilibrium with SM particles in the early universe, the predicted relic DM density agrees with 
the observed value in the universe today. 
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Weakly Interacting Massive Particles (WIMPs)

beautiful 
theory

Dark
Matter

A Model of Dark Particle Physics?

How rich is the dark sector of matter?
Mike Williams 32

extended
higgs

more
fermions

more
bosons

E(LHC)

E(Planck)
⇡ R(solar system)

R(universe)
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Of course, dark matter is not the only motivation for exploring new energy / length scales!

I believe it is in our nature to explore, to reach out into the unknown. The only true failure 
would be to not explore at all. —Ernest Shackleton

WIMP Miracle: If DM particles have EW-scale masses and interactions, and were in thermal 
equilibrium with SM particles in the early universe, the predicted relic DM density agrees with 
the observed value in the universe today. 

⇡ 10�15
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Indirect Observation

d

u

νe

e

1

n p

ν̄e

e

1

Indirect observations of new physics have 
historically been used to infer the existence of 
particles before experiments with sufficient 
energy to produce them have existed.

As a famous example, consider the β decay 
of the neutron: 1 GeV phenomenology 
reveals physics at 100 GeV.  

A / const

M2
W

<latexit sha1_base64="m8qwfFOUuGh2tiHAcS4JOulhAZY=">AAACFnicjVDLSgMxFM34rPU16tJNsAhuLDNF0GXVjRuhgn1AZyyZNNOGZpIhyQglzFe48VfcuFDErbjzb8y0XagoeCBwOOdebs6JUkaV9rwPZ25+YXFpubRSXl1b39h0t7ZbSmQSkyYWTMhOhBRhlJOmppqRTioJSiJG2tHovPDbt0QqKvi1HqckTNCA05hipK3Ucw+DBOkhRsyc5jBIpUi1gEEsETYmkAnEgiud5+ay176p5T234le9CeDfpAJmaPTc96AvcJYQrjFDSnV9L9WhQVJTzEheDjJFUoRHaEC6lnKUEBWaSawc7lulD2Mh7eMaTtSvGwYlSo2TyE4WIdRPrxB/87qZjk9CQ3maacLx9FCcMWijFx3BPpUEaza2BGFJ7V8hHiLbibZNlv9XQqtW9b2qf3VUqZ/N6iiBXbAHDoAPjkEdXIAGaAIM7sADeALPzr3z6Lw4r9PROWe2swO+wXn7BFEdoBQ=</latexit><latexit sha1_base64="m8qwfFOUuGh2tiHAcS4JOulhAZY=">AAACFnicjVDLSgMxFM34rPU16tJNsAhuLDNF0GXVjRuhgn1AZyyZNNOGZpIhyQglzFe48VfcuFDErbjzb8y0XagoeCBwOOdebs6JUkaV9rwPZ25+YXFpubRSXl1b39h0t7ZbSmQSkyYWTMhOhBRhlJOmppqRTioJSiJG2tHovPDbt0QqKvi1HqckTNCA05hipK3Ucw+DBOkhRsyc5jBIpUi1gEEsETYmkAnEgiud5+ay176p5T234le9CeDfpAJmaPTc96AvcJYQrjFDSnV9L9WhQVJTzEheDjJFUoRHaEC6lnKUEBWaSawc7lulD2Mh7eMaTtSvGwYlSo2TyE4WIdRPrxB/87qZjk9CQ3maacLx9FCcMWijFx3BPpUEaza2BGFJ7V8hHiLbibZNlv9XQqtW9b2qf3VUqZ/N6iiBXbAHDoAPjkEdXIAGaAIM7sADeALPzr3z6Lw4r9PROWe2swO+wXn7BFEdoBQ=</latexit><latexit sha1_base64="m8qwfFOUuGh2tiHAcS4JOulhAZY=">AAACFnicjVDLSgMxFM34rPU16tJNsAhuLDNF0GXVjRuhgn1AZyyZNNOGZpIhyQglzFe48VfcuFDErbjzb8y0XagoeCBwOOdebs6JUkaV9rwPZ25+YXFpubRSXl1b39h0t7ZbSmQSkyYWTMhOhBRhlJOmppqRTioJSiJG2tHovPDbt0QqKvi1HqckTNCA05hipK3Ucw+DBOkhRsyc5jBIpUi1gEEsETYmkAnEgiud5+ay176p5T234le9CeDfpAJmaPTc96AvcJYQrjFDSnV9L9WhQVJTzEheDjJFUoRHaEC6lnKUEBWaSawc7lulD2Mh7eMaTtSvGwYlSo2TyE4WIdRPrxB/87qZjk9CQ3maacLx9FCcMWijFx3BPpUEaza2BGFJ7V8hHiLbibZNlv9XQqtW9b2qf3VUqZ/N6iiBXbAHDoAPjkEdXIAGaAIM7sADeALPzr3z6Lw4r9PROWe2swO+wXn7BFEdoBQ=</latexit><latexit sha1_base64="m8qwfFOUuGh2tiHAcS4JOulhAZY=">AAACFnicjVDLSgMxFM34rPU16tJNsAhuLDNF0GXVjRuhgn1AZyyZNNOGZpIhyQglzFe48VfcuFDErbjzb8y0XagoeCBwOOdebs6JUkaV9rwPZ25+YXFpubRSXl1b39h0t7ZbSmQSkyYWTMhOhBRhlJOmppqRTioJSiJG2tHovPDbt0QqKvi1HqckTNCA05hipK3Ucw+DBOkhRsyc5jBIpUi1gEEsETYmkAnEgiud5+ay176p5T234le9CeDfpAJmaPTc96AvcJYQrjFDSnV9L9WhQVJTzEheDjJFUoRHaEC6lnKUEBWaSawc7lulD2Mh7eMaTtSvGwYlSo2TyE4WIdRPrxB/87qZjk9CQ3maacLx9FCcMWijFx3BPpUEaza2BGFJ7V8hHiLbibZNlv9XQqtW9b2qf3VUqZ/N6iiBXbAHDoAPjkEdXIAGaAIM7sADeALPzr3z6Lw4r9PROWe2swO+wXn7BFEdoBQ=</latexit>

W

d u

ν̄e

e

1

O(10�3)⇥ rp
<latexit sha1_base64="p20Tlv4j7uPcm1ycAMAHEddpPsA=">AAACCHicjVBNS8NAEN3Ur1q/oh49uFiEerAkKuix6MWbFWwrNDFstpt26eaD3YlQQo5e/CtePCji1Z/gzX/jpu1BRcEHA4/3ZpiZ5yeCK7CsD6M0Mzs3v1BerCwtr6yumesbbRWnkrIWjUUsr32imOARawEHwa4TyUjoC9bxh2eF37llUvE4uoJRwtyQ9CMecEpAS5657YQEBpSI7CKv2dZNtn+Y72EHeMgUll7imVW7bo2B/yZVNEXTM9+dXkzTkEVABVGqa1sJuBmRwKlgecVJFUsIHZI+62oaEb3IzcaP5HhXKz0cxFJXBHisfp3ISKjUKPR1Z3G2+ukV4m9eN4XgxM14lKTAIjpZFKQCQ4yLVHCPS0ZBjDQhVHJ9K6YDIgkFnV3lfyG0D+q2Vbcvj6qN02kcZbSFdlAN2egYNdA5aqIWougOPaAn9GzcG4/Gi/E6aS0Z05lN9A3G2ycteJjI</latexit><latexit sha1_base64="p20Tlv4j7uPcm1ycAMAHEddpPsA=">AAACCHicjVBNS8NAEN3Ur1q/oh49uFiEerAkKuix6MWbFWwrNDFstpt26eaD3YlQQo5e/CtePCji1Z/gzX/jpu1BRcEHA4/3ZpiZ5yeCK7CsD6M0Mzs3v1BerCwtr6yumesbbRWnkrIWjUUsr32imOARawEHwa4TyUjoC9bxh2eF37llUvE4uoJRwtyQ9CMecEpAS5657YQEBpSI7CKv2dZNtn+Y72EHeMgUll7imVW7bo2B/yZVNEXTM9+dXkzTkEVABVGqa1sJuBmRwKlgecVJFUsIHZI+62oaEb3IzcaP5HhXKz0cxFJXBHisfp3ISKjUKPR1Z3G2+ukV4m9eN4XgxM14lKTAIjpZFKQCQ4yLVHCPS0ZBjDQhVHJ9K6YDIgkFnV3lfyG0D+q2Vbcvj6qN02kcZbSFdlAN2egYNdA5aqIWougOPaAn9GzcG4/Gi/E6aS0Z05lN9A3G2ycteJjI</latexit><latexit sha1_base64="p20Tlv4j7uPcm1ycAMAHEddpPsA=">AAACCHicjVBNS8NAEN3Ur1q/oh49uFiEerAkKuix6MWbFWwrNDFstpt26eaD3YlQQo5e/CtePCji1Z/gzX/jpu1BRcEHA4/3ZpiZ5yeCK7CsD6M0Mzs3v1BerCwtr6yumesbbRWnkrIWjUUsr32imOARawEHwa4TyUjoC9bxh2eF37llUvE4uoJRwtyQ9CMecEpAS5657YQEBpSI7CKv2dZNtn+Y72EHeMgUll7imVW7bo2B/yZVNEXTM9+dXkzTkEVABVGqa1sJuBmRwKlgecVJFUsIHZI+62oaEb3IzcaP5HhXKz0cxFJXBHisfp3ISKjUKPR1Z3G2+ukV4m9eN4XgxM14lKTAIjpZFKQCQ4yLVHCPS0ZBjDQhVHJ9K6YDIgkFnV3lfyG0D+q2Vbcvj6qN02kcZbSFdlAN2egYNdA5aqIWougOPaAn9GzcG4/Gi/E6aS0Z05lN9A3G2ycteJjI</latexit><latexit sha1_base64="p20Tlv4j7uPcm1ycAMAHEddpPsA=">AAACCHicjVBNS8NAEN3Ur1q/oh49uFiEerAkKuix6MWbFWwrNDFstpt26eaD3YlQQo5e/CtePCji1Z/gzX/jpu1BRcEHA4/3ZpiZ5yeCK7CsD6M0Mzs3v1BerCwtr6yumesbbRWnkrIWjUUsr32imOARawEHwa4TyUjoC9bxh2eF37llUvE4uoJRwtyQ9CMecEpAS5657YQEBpSI7CKv2dZNtn+Y72EHeMgUll7imVW7bo2B/yZVNEXTM9+dXkzTkEVABVGqa1sJuBmRwKlgecVJFUsIHZI+62oaEb3IzcaP5HhXKz0cxFJXBHisfp3ISKjUKPR1Z3G2+ukV4m9eN4XgxM14lKTAIjpZFKQCQ4yLVHCPS0ZBjDQhVHJ9K6YDIgkFnV3lfyG0D+q2Vbcvj6qN02kcZbSFdlAN2egYNdA5aqIWougOPaAn9GzcG4/Gi/E6aS0Z05lN9A3G2ycteJjI</latexit>

high-energy  
interaction 

mediated by  
W boson exchange

low-energy effective 
local interaction
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Probing New Physics

1

Model-independent searches for physics beyond the SM can be performed via precise 
determination of the low-energy effective Hamiltonian of nature.

A simple question: Is the effective low-energy Hamiltonian the one predicted by the SM? 

He↵ =
X

i

Ci⇥

<latexit sha1_base64="lOXNl0SE3qdzB/JG2Uy/PevYbMQ=">AAACHXicjVDLSsNAFJ3UV62vqEs3g0VwVRIRdCMUu+mygn1AU8JketMOnUnCzEQoIT/ixl9x40IRF27Ev3HSFlFR8MDAuefcy71zgoQzpR3n3SotLa+srpXXKxubW9s79u5eR8WppNCmMY9lLyAKOIugrZnm0EskEBFw6AaTRuF3b0AqFkfXeprAQJBRxEJGiTaSb596gugxJTxr5n7mSYEhDHN8gT2VCp/hT7uRF5VmAhT27apbc2bAf5MqWqDl26/eMKapgEhTTpTqu06iBxmRmlEOecVLFSSETsgI+oZGxGwZZLPf5fjIKEMcxtK8SOOZ+nUiI0KpqQhMZ3Gs+ukV4m9eP9Xh+SBjUZJqiOh8UZhyrGNcRIWHTALVfGoIoZKZWzEdE0moNoFW/hdC56TmOjX36rRav1zEUUYH6BAdIxedoTpqohZqI4pu0T16RE/WnfVgPVsv89aStZjZR99gvX0Ac9iiHA==</latexit><latexit sha1_base64="lOXNl0SE3qdzB/JG2Uy/PevYbMQ=">AAACHXicjVDLSsNAFJ3UV62vqEs3g0VwVRIRdCMUu+mygn1AU8JketMOnUnCzEQoIT/ixl9x40IRF27Ev3HSFlFR8MDAuefcy71zgoQzpR3n3SotLa+srpXXKxubW9s79u5eR8WppNCmMY9lLyAKOIugrZnm0EskEBFw6AaTRuF3b0AqFkfXeprAQJBRxEJGiTaSb596gugxJTxr5n7mSYEhDHN8gT2VCp/hT7uRF5VmAhT27apbc2bAf5MqWqDl26/eMKapgEhTTpTqu06iBxmRmlEOecVLFSSETsgI+oZGxGwZZLPf5fjIKEMcxtK8SOOZ+nUiI0KpqQhMZ3Gs+ukV4m9eP9Xh+SBjUZJqiOh8UZhyrGNcRIWHTALVfGoIoZKZWzEdE0moNoFW/hdC56TmOjX36rRav1zEUUYH6BAdIxedoTpqohZqI4pu0T16RE/WnfVgPVsv89aStZjZR99gvX0Ac9iiHA==</latexit><latexit sha1_base64="lOXNl0SE3qdzB/JG2Uy/PevYbMQ=">AAACHXicjVDLSsNAFJ3UV62vqEs3g0VwVRIRdCMUu+mygn1AU8JketMOnUnCzEQoIT/ixl9x40IRF27Ev3HSFlFR8MDAuefcy71zgoQzpR3n3SotLa+srpXXKxubW9s79u5eR8WppNCmMY9lLyAKOIugrZnm0EskEBFw6AaTRuF3b0AqFkfXeprAQJBRxEJGiTaSb596gugxJTxr5n7mSYEhDHN8gT2VCp/hT7uRF5VmAhT27apbc2bAf5MqWqDl26/eMKapgEhTTpTqu06iBxmRmlEOecVLFSSETsgI+oZGxGwZZLPf5fjIKEMcxtK8SOOZ+nUiI0KpqQhMZ3Gs+ukV4m9eP9Xh+SBjUZJqiOh8UZhyrGNcRIWHTALVfGoIoZKZWzEdE0moNoFW/hdC56TmOjX36rRav1zEUUYH6BAdIxedoTpqohZqI4pu0T16RE/WnfVgPVsv89aStZjZR99gvX0Ac9iiHA==</latexit><latexit sha1_base64="lOXNl0SE3qdzB/JG2Uy/PevYbMQ=">AAACHXicjVDLSsNAFJ3UV62vqEs3g0VwVRIRdCMUu+mygn1AU8JketMOnUnCzEQoIT/ixl9x40IRF27Ev3HSFlFR8MDAuefcy71zgoQzpR3n3SotLa+srpXXKxubW9s79u5eR8WppNCmMY9lLyAKOIugrZnm0EskEBFw6AaTRuF3b0AqFkfXeprAQJBRxEJGiTaSb596gugxJTxr5n7mSYEhDHN8gT2VCp/hT7uRF5VmAhT27apbc2bAf5MqWqDl26/eMKapgEhTTpTqu06iBxmRmlEOecVLFSSETsgI+oZGxGwZZLPf5fjIKEMcxtK8SOOZ+nUiI0KpqQhMZ3Gs+ukV4m9eP9Xh+SBjUZJqiOh8UZhyrGNcRIWHTALVfGoIoZKZWzEdE0moNoFW/hdC56TmOjX36rRav1zEUUYH6BAdIxedoTpqohZqI4pu0T16RE/WnfVgPVsv89aStZjZR99gvX0Ac9iiHA==</latexit>

i
<latexit sha1_base64="9yjxBJ8ykIn6DVKUOfjMcjPbuVQ=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h1dYWV1b3yhulra2d3b3yvsHLaMyzbDJlFC6E1GDgktsWm4FdlKNNIkEtqPx9cxv36M2XMlbO0kxTOhQ8pgzap3U4P1yJaj6c5C/SQWWqPfL772BYlmC0jJBjekGfmrDnGrLmcBpqZcZTCkb0yF2HZU0QRPm80On5MQpAxIr7UpaMle/TuQ0MWaSRK4zoXZkfnoz8Tevm9n4Msy5TDOLki0WxZkgVpHZ12TANTIrJo5Qprm7lbAR1ZRZl03pfyG0zqqBXw0a55Xa1TKOIhzBMZxCABdQgxuoQxMYIDzAEzx7d96j9+K9LloL3nLmEL7Be/sE0+KM8A==</latexit><latexit sha1_base64="9yjxBJ8ykIn6DVKUOfjMcjPbuVQ=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h1dYWV1b3yhulra2d3b3yvsHLaMyzbDJlFC6E1GDgktsWm4FdlKNNIkEtqPx9cxv36M2XMlbO0kxTOhQ8pgzap3U4P1yJaj6c5C/SQWWqPfL772BYlmC0jJBjekGfmrDnGrLmcBpqZcZTCkb0yF2HZU0QRPm80On5MQpAxIr7UpaMle/TuQ0MWaSRK4zoXZkfnoz8Tevm9n4Msy5TDOLki0WxZkgVpHZ12TANTIrJo5Qprm7lbAR1ZRZl03pfyG0zqqBXw0a55Xa1TKOIhzBMZxCABdQgxuoQxMYIDzAEzx7d96j9+K9LloL3nLmEL7Be/sE0+KM8A==</latexit><latexit sha1_base64="9yjxBJ8ykIn6DVKUOfjMcjPbuVQ=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h1dYWV1b3yhulra2d3b3yvsHLaMyzbDJlFC6E1GDgktsWm4FdlKNNIkEtqPx9cxv36M2XMlbO0kxTOhQ8pgzap3U4P1yJaj6c5C/SQWWqPfL772BYlmC0jJBjekGfmrDnGrLmcBpqZcZTCkb0yF2HZU0QRPm80On5MQpAxIr7UpaMle/TuQ0MWaSRK4zoXZkfnoz8Tevm9n4Msy5TDOLki0WxZkgVpHZ12TANTIrJo5Qprm7lbAR1ZRZl03pfyG0zqqBXw0a55Xa1TKOIhzBMZxCABdQgxuoQxMYIDzAEzx7d96j9+K9LloL3nLmEL7Be/sE0+KM8A==</latexit><latexit sha1_base64="9yjxBJ8ykIn6DVKUOfjMcjPbuVQ=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h1dYWV1b3yhulra2d3b3yvsHLaMyzbDJlFC6E1GDgktsWm4FdlKNNIkEtqPx9cxv36M2XMlbO0kxTOhQ8pgzap3U4P1yJaj6c5C/SQWWqPfL772BYlmC0jJBjekGfmrDnGrLmcBpqZcZTCkb0yF2HZU0QRPm80On5MQpAxIr7UpaMle/TuQ0MWaSRK4zoXZkfnoz8Tevm9n4Msy5TDOLki0WxZkgVpHZ12TANTIrJo5Qprm7lbAR1ZRZl03pfyG0zqqBXw0a55Xa1TKOIhzBMZxCABdQgxuoQxMYIDzAEzx7d96j9+K9LloL3nLmEL7Be/sE0+KM8A==</latexit>

Operator Product Expansion

In principal, sensitive to any mass scale—limited in practice by experimental precision 
and by our understanding of the SM.

Complete description of nature at low energies in terms of local interactions.

Ci =
<latexit sha1_base64="GWldRUkyX3SbKtFVjr0NHmdqS4I=">AAAB+XicjVBNS8NAFHypX7V+RT16WSyCp5KIoBeh2IvHCrYW2hBettt26WYTdjeFEvpPvHhQxKv/xJv/xk3bg4qCAw+Gmfd4w0Sp4Np43odTWlldW98ob1a2tnd299z9g7ZOMkVZiyYiUZ0INRNcspbhRrBOqhjGkWD30bhR+PcTpjRP5J2ZpiyIcSj5gFM0VgpdtxejGVEUeWMWcnJFQrfq17w5yN+kCks0Q/e9109oFjNpqECtu76XmiBHZTgVbFbpZZqlSMc4ZF1LJcZMB/k8+YycWKVPBomyIw2Zq18vcoy1nsaR3Sxy6p9eIf7mdTMzuAxyLtPMMEkXjwaZICYhRQ2kzxWjRkwtQaq4zUroCBVSY8uq/K+E9lnN92r+7Xm1fr2sowxHcAyn4MMF1OEGmtACChN4gCd4dnLn0XlxXherJWd5cwjf4Lx9Aq6nkwQ=</latexit><latexit sha1_base64="GWldRUkyX3SbKtFVjr0NHmdqS4I=">AAAB+XicjVBNS8NAFHypX7V+RT16WSyCp5KIoBeh2IvHCrYW2hBettt26WYTdjeFEvpPvHhQxKv/xJv/xk3bg4qCAw+Gmfd4w0Sp4Np43odTWlldW98ob1a2tnd299z9g7ZOMkVZiyYiUZ0INRNcspbhRrBOqhjGkWD30bhR+PcTpjRP5J2ZpiyIcSj5gFM0VgpdtxejGVEUeWMWcnJFQrfq17w5yN+kCks0Q/e9109oFjNpqECtu76XmiBHZTgVbFbpZZqlSMc4ZF1LJcZMB/k8+YycWKVPBomyIw2Zq18vcoy1nsaR3Sxy6p9eIf7mdTMzuAxyLtPMMEkXjwaZICYhRQ2kzxWjRkwtQaq4zUroCBVSY8uq/K+E9lnN92r+7Xm1fr2sowxHcAyn4MMF1OEGmtACChN4gCd4dnLn0XlxXherJWd5cwjf4Lx9Aq6nkwQ=</latexit><latexit sha1_base64="GWldRUkyX3SbKtFVjr0NHmdqS4I=">AAAB+XicjVBNS8NAFHypX7V+RT16WSyCp5KIoBeh2IvHCrYW2hBettt26WYTdjeFEvpPvHhQxKv/xJv/xk3bg4qCAw+Gmfd4w0Sp4Np43odTWlldW98ob1a2tnd299z9g7ZOMkVZiyYiUZ0INRNcspbhRrBOqhjGkWD30bhR+PcTpjRP5J2ZpiyIcSj5gFM0VgpdtxejGVEUeWMWcnJFQrfq17w5yN+kCks0Q/e9109oFjNpqECtu76XmiBHZTgVbFbpZZqlSMc4ZF1LJcZMB/k8+YycWKVPBomyIw2Zq18vcoy1nsaR3Sxy6p9eIf7mdTMzuAxyLtPMMEkXjwaZICYhRQ2kzxWjRkwtQaq4zUroCBVSY8uq/K+E9lnN92r+7Xm1fr2sowxHcAyn4MMF1OEGmtACChN4gCd4dnLn0XlxXherJWd5cwjf4Lx9Aq6nkwQ=</latexit><latexit sha1_base64="GWldRUkyX3SbKtFVjr0NHmdqS4I=">AAAB+XicjVBNS8NAFHypX7V+RT16WSyCp5KIoBeh2IvHCrYW2hBettt26WYTdjeFEvpPvHhQxKv/xJv/xk3bg4qCAw+Gmfd4w0Sp4Np43odTWlldW98ob1a2tnd299z9g7ZOMkVZiyYiUZ0INRNcspbhRrBOqhjGkWD30bhR+PcTpjRP5J2ZpiyIcSj5gFM0VgpdtxejGVEUeWMWcnJFQrfq17w5yN+kCks0Q/e9109oFjNpqECtu76XmiBHZTgVbFbpZZqlSMc4ZF1LJcZMB/k8+YycWKVPBomyIw2Zq18vcoy1nsaR3Sxy6p9eIf7mdTMzuAxyLtPMMEkXjwaZICYhRQ2kzxWjRkwtQaq4zUroCBVSY8uq/K+E9lnN92r+7Xm1fr2sowxHcAyn4MMF1OEGmtACChN4gCd4dnLn0XlxXherJWd5cwjf4Lx9Aq6nkwQ=</latexit>

Ci
?
= CSM

i
<latexit sha1_base64="YD6p4AMQfn2HJJwBiDARkLH3+Ks=">AAACHHicjVDLSgMxFM3UV62vUZdugkVwVWZU0I1Y7MaNUNE+oDMOmTRtQ5PMkGSEMsyHuPFX3LhQxI0Lwb8x03ZhRcEDgcM553JvThgzqrTjfFqFufmFxaXicmlldW19w97caqookZg0cMQi2Q6RIowK0tBUM9KOJUE8ZKQVDmu537ojUtFI3OhRTHyO+oL2KEbaSIF96HGkBxixtJYFFHpRHiY6PcvS0wzOmLepJzm8vswCu+xWnDHg36QMpqgH9rvXjXDCidCYIaU6rhNrP0VSU8xIVvISRWKEh6hPOoYKxIny0/HnMrhnlC7sRdI8oeFY/T6RIq7UiIcmmV+rfnq5+JvXSXTvxE+piBNNBJ4s6iUM6gjmTcEulQRrNjIEYUnNrRAPkERYm4pK/yuheVBxnYp7dVSunk/rKIIdsAv2gQuOQRVcgDpoAAzuwSN4Bi/Wg/VkvVpvk2jBms5sgxlYH1/xxaJ/</latexit><latexit sha1_base64="YD6p4AMQfn2HJJwBiDARkLH3+Ks=">AAACHHicjVDLSgMxFM3UV62vUZdugkVwVWZU0I1Y7MaNUNE+oDMOmTRtQ5PMkGSEMsyHuPFX3LhQxI0Lwb8x03ZhRcEDgcM553JvThgzqrTjfFqFufmFxaXicmlldW19w97caqookZg0cMQi2Q6RIowK0tBUM9KOJUE8ZKQVDmu537ojUtFI3OhRTHyO+oL2KEbaSIF96HGkBxixtJYFFHpRHiY6PcvS0wzOmLepJzm8vswCu+xWnDHg36QMpqgH9rvXjXDCidCYIaU6rhNrP0VSU8xIVvISRWKEh6hPOoYKxIny0/HnMrhnlC7sRdI8oeFY/T6RIq7UiIcmmV+rfnq5+JvXSXTvxE+piBNNBJ4s6iUM6gjmTcEulQRrNjIEYUnNrRAPkERYm4pK/yuheVBxnYp7dVSunk/rKIIdsAv2gQuOQRVcgDpoAAzuwSN4Bi/Wg/VkvVpvk2jBms5sgxlYH1/xxaJ/</latexit><latexit sha1_base64="YD6p4AMQfn2HJJwBiDARkLH3+Ks=">AAACHHicjVDLSgMxFM3UV62vUZdugkVwVWZU0I1Y7MaNUNE+oDMOmTRtQ5PMkGSEMsyHuPFX3LhQxI0Lwb8x03ZhRcEDgcM553JvThgzqrTjfFqFufmFxaXicmlldW19w97caqookZg0cMQi2Q6RIowK0tBUM9KOJUE8ZKQVDmu537ojUtFI3OhRTHyO+oL2KEbaSIF96HGkBxixtJYFFHpRHiY6PcvS0wzOmLepJzm8vswCu+xWnDHg36QMpqgH9rvXjXDCidCYIaU6rhNrP0VSU8xIVvISRWKEh6hPOoYKxIny0/HnMrhnlC7sRdI8oeFY/T6RIq7UiIcmmV+rfnq5+JvXSXTvxE+piBNNBJ4s6iUM6gjmTcEulQRrNjIEYUnNrRAPkERYm4pK/yuheVBxnYp7dVSunk/rKIIdsAv2gQuOQRVcgDpoAAzuwSN4Bi/Wg/VkvVpvk2jBms5sgxlYH1/xxaJ/</latexit><latexit sha1_base64="YD6p4AMQfn2HJJwBiDARkLH3+Ks=">AAACHHicjVDLSgMxFM3UV62vUZdugkVwVWZU0I1Y7MaNUNE+oDMOmTRtQ5PMkGSEMsyHuPFX3LhQxI0Lwb8x03ZhRcEDgcM553JvThgzqrTjfFqFufmFxaXicmlldW19w97caqookZg0cMQi2Q6RIowK0tBUM9KOJUE8ZKQVDmu537ojUtFI3OhRTHyO+oL2KEbaSIF96HGkBxixtJYFFHpRHiY6PcvS0wzOmLepJzm8vswCu+xWnDHg36QMpqgH9rvXjXDCidCYIaU6rhNrP0VSU8xIVvISRWKEh6hPOoYKxIny0/HnMrhnlC7sRdI8oeFY/T6RIq7UiIcmmV+rfnq5+JvXSXTvxE+piBNNBJ4s6iUM6gjmTcEulQRrNjIEYUnNrRAPkERYm4pK/yuheVBxnYp7dVSunk/rKIIdsAv2gQuOQRVcgDpoAAzuwSN4Bi/Wg/VkvVpvk2jBms5sgxlYH1/xxaJ/</latexit>
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Probing New Physics

1

Model-independent searches for physics beyond the SM can be performed via precise 
determination of the low-energy effective Hamiltonian of nature.

He↵ =
X

i

Ci⇥

<latexit sha1_base64="lOXNl0SE3qdzB/JG2Uy/PevYbMQ=">AAACHXicjVDLSsNAFJ3UV62vqEs3g0VwVRIRdCMUu+mygn1AU8JketMOnUnCzEQoIT/ixl9x40IRF27Ev3HSFlFR8MDAuefcy71zgoQzpR3n3SotLa+srpXXKxubW9s79u5eR8WppNCmMY9lLyAKOIugrZnm0EskEBFw6AaTRuF3b0AqFkfXeprAQJBRxEJGiTaSb596gugxJTxr5n7mSYEhDHN8gT2VCp/hT7uRF5VmAhT27apbc2bAf5MqWqDl26/eMKapgEhTTpTqu06iBxmRmlEOecVLFSSETsgI+oZGxGwZZLPf5fjIKEMcxtK8SOOZ+nUiI0KpqQhMZ3Gs+ukV4m9eP9Xh+SBjUZJqiOh8UZhyrGNcRIWHTALVfGoIoZKZWzEdE0moNoFW/hdC56TmOjX36rRav1zEUUYH6BAdIxedoTpqohZqI4pu0T16RE/WnfVgPVsv89aStZjZR99gvX0Ac9iiHA==</latexit><latexit sha1_base64="lOXNl0SE3qdzB/JG2Uy/PevYbMQ=">AAACHXicjVDLSsNAFJ3UV62vqEs3g0VwVRIRdCMUu+mygn1AU8JketMOnUnCzEQoIT/ixl9x40IRF27Ev3HSFlFR8MDAuefcy71zgoQzpR3n3SotLa+srpXXKxubW9s79u5eR8WppNCmMY9lLyAKOIugrZnm0EskEBFw6AaTRuF3b0AqFkfXeprAQJBRxEJGiTaSb596gugxJTxr5n7mSYEhDHN8gT2VCp/hT7uRF5VmAhT27apbc2bAf5MqWqDl26/eMKapgEhTTpTqu06iBxmRmlEOecVLFSSETsgI+oZGxGwZZLPf5fjIKEMcxtK8SOOZ+nUiI0KpqQhMZ3Gs+ukV4m9eP9Xh+SBjUZJqiOh8UZhyrGNcRIWHTALVfGoIoZKZWzEdE0moNoFW/hdC56TmOjX36rRav1zEUUYH6BAdIxedoTpqohZqI4pu0T16RE/WnfVgPVsv89aStZjZR99gvX0Ac9iiHA==</latexit><latexit sha1_base64="lOXNl0SE3qdzB/JG2Uy/PevYbMQ=">AAACHXicjVDLSsNAFJ3UV62vqEs3g0VwVRIRdCMUu+mygn1AU8JketMOnUnCzEQoIT/ixl9x40IRF27Ev3HSFlFR8MDAuefcy71zgoQzpR3n3SotLa+srpXXKxubW9s79u5eR8WppNCmMY9lLyAKOIugrZnm0EskEBFw6AaTRuF3b0AqFkfXeprAQJBRxEJGiTaSb596gugxJTxr5n7mSYEhDHN8gT2VCp/hT7uRF5VmAhT27apbc2bAf5MqWqDl26/eMKapgEhTTpTqu06iBxmRmlEOecVLFSSETsgI+oZGxGwZZLPf5fjIKEMcxtK8SOOZ+nUiI0KpqQhMZ3Gs+ukV4m9eP9Xh+SBjUZJqiOh8UZhyrGNcRIWHTALVfGoIoZKZWzEdE0moNoFW/hdC56TmOjX36rRav1zEUUYH6BAdIxedoTpqohZqI4pu0T16RE/WnfVgPVsv89aStZjZR99gvX0Ac9iiHA==</latexit><latexit sha1_base64="lOXNl0SE3qdzB/JG2Uy/PevYbMQ=">AAACHXicjVDLSsNAFJ3UV62vqEs3g0VwVRIRdCMUu+mygn1AU8JketMOnUnCzEQoIT/ixl9x40IRF27Ev3HSFlFR8MDAuefcy71zgoQzpR3n3SotLa+srpXXKxubW9s79u5eR8WppNCmMY9lLyAKOIugrZnm0EskEBFw6AaTRuF3b0AqFkfXeprAQJBRxEJGiTaSb596gugxJTxr5n7mSYEhDHN8gT2VCp/hT7uRF5VmAhT27apbc2bAf5MqWqDl26/eMKapgEhTTpTqu06iBxmRmlEOecVLFSSETsgI+oZGxGwZZLPf5fjIKEMcxtK8SOOZ+nUiI0KpqQhMZ3Gs+ukV4m9eP9Xh+SBjUZJqiOh8UZhyrGNcRIWHTALVfGoIoZKZWzEdE0moNoFW/hdC56TmOjX36rRav1zEUUYH6BAdIxedoTpqohZqI4pu0T16RE/WnfVgPVsv89aStZjZR99gvX0Ac9iiHA==</latexit>

i
<latexit sha1_base64="9yjxBJ8ykIn6DVKUOfjMcjPbuVQ=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h1dYWV1b3yhulra2d3b3yvsHLaMyzbDJlFC6E1GDgktsWm4FdlKNNIkEtqPx9cxv36M2XMlbO0kxTOhQ8pgzap3U4P1yJaj6c5C/SQWWqPfL772BYlmC0jJBjekGfmrDnGrLmcBpqZcZTCkb0yF2HZU0QRPm80On5MQpAxIr7UpaMle/TuQ0MWaSRK4zoXZkfnoz8Tevm9n4Msy5TDOLki0WxZkgVpHZ12TANTIrJo5Qprm7lbAR1ZRZl03pfyG0zqqBXw0a55Xa1TKOIhzBMZxCABdQgxuoQxMYIDzAEzx7d96j9+K9LloL3nLmEL7Be/sE0+KM8A==</latexit><latexit sha1_base64="9yjxBJ8ykIn6DVKUOfjMcjPbuVQ=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h1dYWV1b3yhulra2d3b3yvsHLaMyzbDJlFC6E1GDgktsWm4FdlKNNIkEtqPx9cxv36M2XMlbO0kxTOhQ8pgzap3U4P1yJaj6c5C/SQWWqPfL772BYlmC0jJBjekGfmrDnGrLmcBpqZcZTCkb0yF2HZU0QRPm80On5MQpAxIr7UpaMle/TuQ0MWaSRK4zoXZkfnoz8Tevm9n4Msy5TDOLki0WxZkgVpHZ12TANTIrJo5Qprm7lbAR1ZRZl03pfyG0zqqBXw0a55Xa1TKOIhzBMZxCABdQgxuoQxMYIDzAEzx7d96j9+K9LloL3nLmEL7Be/sE0+KM8A==</latexit><latexit sha1_base64="9yjxBJ8ykIn6DVKUOfjMcjPbuVQ=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h1dYWV1b3yhulra2d3b3yvsHLaMyzbDJlFC6E1GDgktsWm4FdlKNNIkEtqPx9cxv36M2XMlbO0kxTOhQ8pgzap3U4P1yJaj6c5C/SQWWqPfL772BYlmC0jJBjekGfmrDnGrLmcBpqZcZTCkb0yF2HZU0QRPm80On5MQpAxIr7UpaMle/TuQ0MWaSRK4zoXZkfnoz8Tevm9n4Msy5TDOLki0WxZkgVpHZ12TANTIrJo5Qprm7lbAR1ZRZl03pfyG0zqqBXw0a55Xa1TKOIhzBMZxCABdQgxuoQxMYIDzAEzx7d96j9+K9LloL3nLmEL7Be/sE0+KM8A==</latexit><latexit sha1_base64="9yjxBJ8ykIn6DVKUOfjMcjPbuVQ=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h1dYWV1b3yhulra2d3b3yvsHLaMyzbDJlFC6E1GDgktsWm4FdlKNNIkEtqPx9cxv36M2XMlbO0kxTOhQ8pgzap3U4P1yJaj6c5C/SQWWqPfL772BYlmC0jJBjekGfmrDnGrLmcBpqZcZTCkb0yF2HZU0QRPm80On5MQpAxIr7UpaMle/TuQ0MWaSRK4zoXZkfnoz8Tevm9n4Msy5TDOLki0WxZkgVpHZ12TANTIrJo5Qprm7lbAR1ZRZl03pfyG0zqqBXw0a55Xa1TKOIhzBMZxCABdQgxuoQxMYIDzAEzx7d96j9+K9LloL3nLmEL7Be/sE0+KM8A==</latexit>

Operator Product Expansion

Ci
?
= CSM

i
<latexit sha1_base64="YD6p4AMQfn2HJJwBiDARkLH3+Ks=">AAACHHicjVDLSgMxFM3UV62vUZdugkVwVWZU0I1Y7MaNUNE+oDMOmTRtQ5PMkGSEMsyHuPFX3LhQxI0Lwb8x03ZhRcEDgcM553JvThgzqrTjfFqFufmFxaXicmlldW19w97caqookZg0cMQi2Q6RIowK0tBUM9KOJUE8ZKQVDmu537ojUtFI3OhRTHyO+oL2KEbaSIF96HGkBxixtJYFFHpRHiY6PcvS0wzOmLepJzm8vswCu+xWnDHg36QMpqgH9rvXjXDCidCYIaU6rhNrP0VSU8xIVvISRWKEh6hPOoYKxIny0/HnMrhnlC7sRdI8oeFY/T6RIq7UiIcmmV+rfnq5+JvXSXTvxE+piBNNBJ4s6iUM6gjmTcEulQRrNjIEYUnNrRAPkERYm4pK/yuheVBxnYp7dVSunk/rKIIdsAv2gQuOQRVcgDpoAAzuwSN4Bi/Wg/VkvVpvk2jBms5sgxlYH1/xxaJ/</latexit><latexit sha1_base64="YD6p4AMQfn2HJJwBiDARkLH3+Ks=">AAACHHicjVDLSgMxFM3UV62vUZdugkVwVWZU0I1Y7MaNUNE+oDMOmTRtQ5PMkGSEMsyHuPFX3LhQxI0Lwb8x03ZhRcEDgcM553JvThgzqrTjfFqFufmFxaXicmlldW19w97caqookZg0cMQi2Q6RIowK0tBUM9KOJUE8ZKQVDmu537ojUtFI3OhRTHyO+oL2KEbaSIF96HGkBxixtJYFFHpRHiY6PcvS0wzOmLepJzm8vswCu+xWnDHg36QMpqgH9rvXjXDCidCYIaU6rhNrP0VSU8xIVvISRWKEh6hPOoYKxIny0/HnMrhnlC7sRdI8oeFY/T6RIq7UiIcmmV+rfnq5+JvXSXTvxE+piBNNBJ4s6iUM6gjmTcEulQRrNjIEYUnNrRAPkERYm4pK/yuheVBxnYp7dVSunk/rKIIdsAv2gQuOQRVcgDpoAAzuwSN4Bi/Wg/VkvVpvk2jBms5sgxlYH1/xxaJ/</latexit><latexit sha1_base64="YD6p4AMQfn2HJJwBiDARkLH3+Ks=">AAACHHicjVDLSgMxFM3UV62vUZdugkVwVWZU0I1Y7MaNUNE+oDMOmTRtQ5PMkGSEMsyHuPFX3LhQxI0Lwb8x03ZhRcEDgcM553JvThgzqrTjfFqFufmFxaXicmlldW19w97caqookZg0cMQi2Q6RIowK0tBUM9KOJUE8ZKQVDmu537ojUtFI3OhRTHyO+oL2KEbaSIF96HGkBxixtJYFFHpRHiY6PcvS0wzOmLepJzm8vswCu+xWnDHg36QMpqgH9rvXjXDCidCYIaU6rhNrP0VSU8xIVvISRWKEh6hPOoYKxIny0/HnMrhnlC7sRdI8oeFY/T6RIq7UiIcmmV+rfnq5+JvXSXTvxE+piBNNBJ4s6iUM6gjmTcEulQRrNjIEYUnNrRAPkERYm4pK/yuheVBxnYp7dVSunk/rKIIdsAv2gQuOQRVcgDpoAAzuwSN4Bi/Wg/VkvVpvk2jBms5sgxlYH1/xxaJ/</latexit><latexit sha1_base64="YD6p4AMQfn2HJJwBiDARkLH3+Ks=">AAACHHicjVDLSgMxFM3UV62vUZdugkVwVWZU0I1Y7MaNUNE+oDMOmTRtQ5PMkGSEMsyHuPFX3LhQxI0Lwb8x03ZhRcEDgcM553JvThgzqrTjfFqFufmFxaXicmlldW19w97caqookZg0cMQi2Q6RIowK0tBUM9KOJUE8ZKQVDmu537ojUtFI3OhRTHyO+oL2KEbaSIF96HGkBxixtJYFFHpRHiY6PcvS0wzOmLepJzm8vswCu+xWnDHg36QMpqgH9rvXjXDCidCYIaU6rhNrP0VSU8xIVvISRWKEh6hPOoYKxIny0/HnMrhnlC7sRdI8oeFY/T6RIq7UiIcmmV+rfnq5+JvXSXTvxE+piBNNBJ4s6iUM6gjmTcEulQRrNjIEYUnNrRAPkERYm4pK/yuheVBxnYp7dVSunk/rKIIdsAv2gQuOQRVcgDpoAAzuwSN4Bi/Wg/VkvVpvk2jBms5sgxlYH1/xxaJ/</latexit>

Ci =
<latexit sha1_base64="GWldRUkyX3SbKtFVjr0NHmdqS4I=">AAAB+XicjVBNS8NAFHypX7V+RT16WSyCp5KIoBeh2IvHCrYW2hBettt26WYTdjeFEvpPvHhQxKv/xJv/xk3bg4qCAw+Gmfd4w0Sp4Np43odTWlldW98ob1a2tnd299z9g7ZOMkVZiyYiUZ0INRNcspbhRrBOqhjGkWD30bhR+PcTpjRP5J2ZpiyIcSj5gFM0VgpdtxejGVEUeWMWcnJFQrfq17w5yN+kCks0Q/e9109oFjNpqECtu76XmiBHZTgVbFbpZZqlSMc4ZF1LJcZMB/k8+YycWKVPBomyIw2Zq18vcoy1nsaR3Sxy6p9eIf7mdTMzuAxyLtPMMEkXjwaZICYhRQ2kzxWjRkwtQaq4zUroCBVSY8uq/K+E9lnN92r+7Xm1fr2sowxHcAyn4MMF1OEGmtACChN4gCd4dnLn0XlxXherJWd5cwjf4Lx9Aq6nkwQ=</latexit><latexit sha1_base64="GWldRUkyX3SbKtFVjr0NHmdqS4I=">AAAB+XicjVBNS8NAFHypX7V+RT16WSyCp5KIoBeh2IvHCrYW2hBettt26WYTdjeFEvpPvHhQxKv/xJv/xk3bg4qCAw+Gmfd4w0Sp4Np43odTWlldW98ob1a2tnd299z9g7ZOMkVZiyYiUZ0INRNcspbhRrBOqhjGkWD30bhR+PcTpjRP5J2ZpiyIcSj5gFM0VgpdtxejGVEUeWMWcnJFQrfq17w5yN+kCks0Q/e9109oFjNpqECtu76XmiBHZTgVbFbpZZqlSMc4ZF1LJcZMB/k8+YycWKVPBomyIw2Zq18vcoy1nsaR3Sxy6p9eIf7mdTMzuAxyLtPMMEkXjwaZICYhRQ2kzxWjRkwtQaq4zUroCBVSY8uq/K+E9lnN92r+7Xm1fr2sowxHcAyn4MMF1OEGmtACChN4gCd4dnLn0XlxXherJWd5cwjf4Lx9Aq6nkwQ=</latexit><latexit sha1_base64="GWldRUkyX3SbKtFVjr0NHmdqS4I=">AAAB+XicjVBNS8NAFHypX7V+RT16WSyCp5KIoBeh2IvHCrYW2hBettt26WYTdjeFEvpPvHhQxKv/xJv/xk3bg4qCAw+Gmfd4w0Sp4Np43odTWlldW98ob1a2tnd299z9g7ZOMkVZiyYiUZ0INRNcspbhRrBOqhjGkWD30bhR+PcTpjRP5J2ZpiyIcSj5gFM0VgpdtxejGVEUeWMWcnJFQrfq17w5yN+kCks0Q/e9109oFjNpqECtu76XmiBHZTgVbFbpZZqlSMc4ZF1LJcZMB/k8+YycWKVPBomyIw2Zq18vcoy1nsaR3Sxy6p9eIf7mdTMzuAxyLtPMMEkXjwaZICYhRQ2kzxWjRkwtQaq4zUroCBVSY8uq/K+E9lnN92r+7Xm1fr2sowxHcAyn4MMF1OEGmtACChN4gCd4dnLn0XlxXherJWd5cwjf4Lx9Aq6nkwQ=</latexit><latexit sha1_base64="GWldRUkyX3SbKtFVjr0NHmdqS4I=">AAAB+XicjVBNS8NAFHypX7V+RT16WSyCp5KIoBeh2IvHCrYW2hBettt26WYTdjeFEvpPvHhQxKv/xJv/xk3bg4qCAw+Gmfd4w0Sp4Np43odTWlldW98ob1a2tnd299z9g7ZOMkVZiyYiUZ0INRNcspbhRrBOqhjGkWD30bhR+PcTpjRP5J2ZpiyIcSj5gFM0VgpdtxejGVEUeWMWcnJFQrfq17w5yN+kCks0Q/e9109oFjNpqECtu76XmiBHZTgVbFbpZZqlSMc4ZF1LJcZMB/k8+YycWKVPBomyIw2Zq18vcoy1nsaR3Sxy6p9eIf7mdTMzuAxyLtPMMEkXjwaZICYhRQ2kzxWjRkwtQaq4zUroCBVSY8uq/K+E9lnN92r+7Xm1fr2sowxHcAyn4MMF1OEGmtACChN4gCd4dnLn0XlxXherJWd5cwjf4Lx9Aq6nkwQ=</latexit>

+
<latexit sha1_base64="ha7JXGgNx4eTDg9dJW/lrTUegmU=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBAEIeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h7e0vLK6tl7YKG5ube/slvb2m0ZlmmGDKaF0O6IGBZfYsNwKbKcaaRIJbEWj66nfukdtuJK3dpximNCB5DFn1DqpftorlYOKPwP5m5RhgVqv9N7tK5YlKC0T1JhO4Kc2zKm2nAmcFLuZwZSyER1gx1FJEzRhPjt0Qo6d0iex0q6kJTP160ROE2PGSeQ6E2qH5qc3FX/zOpmNL8OcyzSzKNl8UZwJYhWZfk36XCOzYuwIZZq7WwkbUk2ZddkU/xdC86wS+JWgfl6uXi3iKMAhHMEJBHABVbiBGjSAAcIDPMGzd+c9ei/e67x1yVvMHMA3eG+fdeqMsg==</latexit><latexit sha1_base64="ha7JXGgNx4eTDg9dJW/lrTUegmU=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBAEIeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h7e0vLK6tl7YKG5ube/slvb2m0ZlmmGDKaF0O6IGBZfYsNwKbKcaaRIJbEWj66nfukdtuJK3dpximNCB5DFn1DqpftorlYOKPwP5m5RhgVqv9N7tK5YlKC0T1JhO4Kc2zKm2nAmcFLuZwZSyER1gx1FJEzRhPjt0Qo6d0iex0q6kJTP160ROE2PGSeQ6E2qH5qc3FX/zOpmNL8OcyzSzKNl8UZwJYhWZfk36XCOzYuwIZZq7WwkbUk2ZddkU/xdC86wS+JWgfl6uXi3iKMAhHMEJBHABVbiBGjSAAcIDPMGzd+c9ei/e67x1yVvMHMA3eG+fdeqMsg==</latexit><latexit sha1_base64="ha7JXGgNx4eTDg9dJW/lrTUegmU=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBAEIeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h7e0vLK6tl7YKG5ube/slvb2m0ZlmmGDKaF0O6IGBZfYsNwKbKcaaRIJbEWj66nfukdtuJK3dpximNCB5DFn1DqpftorlYOKPwP5m5RhgVqv9N7tK5YlKC0T1JhO4Kc2zKm2nAmcFLuZwZSyER1gx1FJEzRhPjt0Qo6d0iex0q6kJTP160ROE2PGSeQ6E2qH5qc3FX/zOpmNL8OcyzSzKNl8UZwJYhWZfk36XCOzYuwIZZq7WwkbUk2ZddkU/xdC86wS+JWgfl6uXi3iKMAhHMEJBHABVbiBGjSAAcIDPMGzd+c9ei/e67x1yVvMHMA3eG+fdeqMsg==</latexit><latexit sha1_base64="ha7JXGgNx4eTDg9dJW/lrTUegmU=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBAEIeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h7e0vLK6tl7YKG5ube/slvb2m0ZlmmGDKaF0O6IGBZfYsNwKbKcaaRIJbEWj66nfukdtuJK3dpximNCB5DFn1DqpftorlYOKPwP5m5RhgVqv9N7tK5YlKC0T1JhO4Kc2zKm2nAmcFLuZwZSyER1gx1FJEzRhPjt0Qo6d0iex0q6kJTP160ROE2PGSeQ6E2qH5qc3FX/zOpmNL8OcyzSzKNl8UZwJYhWZfk36XCOzYuwIZZq7WwkbUk2ZddkU/xdC86wS+JWgfl6uXi3iKMAhHMEJBHABVbiBGjSAAcIDPMGzd+c9ei/e67x1yVvMHMA3eG+fdeqMsg==</latexit>

+ . . .
<latexit sha1_base64="WtpAg5JAhVslaL9GI777ByUytW4=">AAAB73icjVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYB6QLGF2dpIMmZ1ZZ3qFsOQnvHhQxKu/482/cfI4qChY0FBUddPdFaVSWPT9D6+wtLyyulZcL21sbm3vlHf3mlZnhvEG01KbdkQtl0LxBgqUvJ0aTpNI8lY0upr6rXturNDqFscpDxM6UKIvGEUntU9IV8Yaba9cCar+DORvUoEF6r3yezfWLEu4QiaptZ3ATzHMqUHBJJ+UupnlKWUjOuAdRxVNuA3z2b0TcuSUmPS1caWQzNSvEzlNrB0nketMKA7tT28q/uZ1MuxfhLlQaYZcsfmifiYJajJ9nsTCcIZy7AhlRrhbCRtSQxm6iEr/C6F5Wg38anBzVqldLuIowgEcwjEEcA41uIY6NICBhAd4gmfvznv0XrzXeWvBW8zswzd4b59+Co+a</latexit><latexit sha1_base64="WtpAg5JAhVslaL9GI777ByUytW4=">AAAB73icjVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYB6QLGF2dpIMmZ1ZZ3qFsOQnvHhQxKu/482/cfI4qChY0FBUddPdFaVSWPT9D6+wtLyyulZcL21sbm3vlHf3mlZnhvEG01KbdkQtl0LxBgqUvJ0aTpNI8lY0upr6rXturNDqFscpDxM6UKIvGEUntU9IV8Yaba9cCar+DORvUoEF6r3yezfWLEu4QiaptZ3ATzHMqUHBJJ+UupnlKWUjOuAdRxVNuA3z2b0TcuSUmPS1caWQzNSvEzlNrB0nketMKA7tT28q/uZ1MuxfhLlQaYZcsfmifiYJajJ9nsTCcIZy7AhlRrhbCRtSQxm6iEr/C6F5Wg38anBzVqldLuIowgEcwjEEcA41uIY6NICBhAd4gmfvznv0XrzXeWvBW8zswzd4b59+Co+a</latexit><latexit sha1_base64="WtpAg5JAhVslaL9GI777ByUytW4=">AAAB73icjVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYB6QLGF2dpIMmZ1ZZ3qFsOQnvHhQxKu/482/cfI4qChY0FBUddPdFaVSWPT9D6+wtLyyulZcL21sbm3vlHf3mlZnhvEG01KbdkQtl0LxBgqUvJ0aTpNI8lY0upr6rXturNDqFscpDxM6UKIvGEUntU9IV8Yaba9cCar+DORvUoEF6r3yezfWLEu4QiaptZ3ATzHMqUHBJJ+UupnlKWUjOuAdRxVNuA3z2b0TcuSUmPS1caWQzNSvEzlNrB0nketMKA7tT28q/uZ1MuxfhLlQaYZcsfmifiYJajJ9nsTCcIZy7AhlRrhbCRtSQxm6iEr/C6F5Wg38anBzVqldLuIowgEcwjEEcA41uIY6NICBhAd4gmfvznv0XrzXeWvBW8zswzd4b59+Co+a</latexit><latexit sha1_base64="WtpAg5JAhVslaL9GI777ByUytW4=">AAAB73icjVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYB6QLGF2dpIMmZ1ZZ3qFsOQnvHhQxKu/482/cfI4qChY0FBUddPdFaVSWPT9D6+wtLyyulZcL21sbm3vlHf3mlZnhvEG01KbdkQtl0LxBgqUvJ0aTpNI8lY0upr6rXturNDqFscpDxM6UKIvGEUntU9IV8Yaba9cCar+DORvUoEF6r3yezfWLEu4QiaptZ3ATzHMqUHBJJ+UupnlKWUjOuAdRxVNuA3z2b0TcuSUmPS1caWQzNSvEzlNrB0nketMKA7tT28q/uZ1MuxfhLlQaYZcsfmifiYJajJ9nsTCcIZy7AhlRrhbCRtSQxm6iEr/C6F5Wg38anBzVqldLuIowgEcwjEEcA41uIY6NICBhAd4gmfvznv0XrzXeWvBW8zswzd4b59+Co+a</latexit>

h | i
<latexit sha1_base64="PyVXEewH1tfimQ8a2lGpPwoFylg=">AAACCHicjZDNS8MwGMbf+jnnV9WjB4ND8DRaEfQ49OJxgvuAtYw0TbewNO2SVBh1Ry/+K148KOLVP8Gb/41ZN0FFwQcCD7/nfUnyBClnSjvOuzU3v7C4tFxaKa+urW9s2lvbTZVkktAGSXgi2wFWlDNBG5ppTtuppDgOOG0Fg/NJ3rqmUrFEXOlRSv0Y9wSLGMHaoK6953EsepwibzjMcIhuPo0nC961K27VKYT+NhWYqd6137wwIVlMhSYcK9VxnVT7OZaaEU7HZS9TNMVkgHu0Y6zAMVV+XnxkjA4MCVGUSHOERgX9upHjWKlRHJjJGOu++plN4G9ZJ9PRqZ8zkWaaCjK9KMo40gmatIJCJinRfGQMJpKZtyLSxxITbbor/6+E5lHVdaru5XGldjarowS7sA+H4MIJ1OAC6tAAArdwD4/wZN1ZD9az9TIdnbNmOzvwTdbrBzkQmXQ=</latexit><latexit sha1_base64="PyVXEewH1tfimQ8a2lGpPwoFylg=">AAACCHicjZDNS8MwGMbf+jnnV9WjB4ND8DRaEfQ49OJxgvuAtYw0TbewNO2SVBh1Ry/+K148KOLVP8Gb/41ZN0FFwQcCD7/nfUnyBClnSjvOuzU3v7C4tFxaKa+urW9s2lvbTZVkktAGSXgi2wFWlDNBG5ppTtuppDgOOG0Fg/NJ3rqmUrFEXOlRSv0Y9wSLGMHaoK6953EsepwibzjMcIhuPo0nC961K27VKYT+NhWYqd6137wwIVlMhSYcK9VxnVT7OZaaEU7HZS9TNMVkgHu0Y6zAMVV+XnxkjA4MCVGUSHOERgX9upHjWKlRHJjJGOu++plN4G9ZJ9PRqZ8zkWaaCjK9KMo40gmatIJCJinRfGQMJpKZtyLSxxITbbor/6+E5lHVdaru5XGldjarowS7sA+H4MIJ1OAC6tAAArdwD4/wZN1ZD9az9TIdnbNmOzvwTdbrBzkQmXQ=</latexit><latexit sha1_base64="PyVXEewH1tfimQ8a2lGpPwoFylg=">AAACCHicjZDNS8MwGMbf+jnnV9WjB4ND8DRaEfQ49OJxgvuAtYw0TbewNO2SVBh1Ry/+K148KOLVP8Gb/41ZN0FFwQcCD7/nfUnyBClnSjvOuzU3v7C4tFxaKa+urW9s2lvbTZVkktAGSXgi2wFWlDNBG5ppTtuppDgOOG0Fg/NJ3rqmUrFEXOlRSv0Y9wSLGMHaoK6953EsepwibzjMcIhuPo0nC961K27VKYT+NhWYqd6137wwIVlMhSYcK9VxnVT7OZaaEU7HZS9TNMVkgHu0Y6zAMVV+XnxkjA4MCVGUSHOERgX9upHjWKlRHJjJGOu++plN4G9ZJ9PRqZ8zkWaaCjK9KMo40gmatIJCJinRfGQMJpKZtyLSxxITbbor/6+E5lHVdaru5XGldjarowS7sA+H4MIJ1OAC6tAAArdwD4/wZN1ZD9az9TIdnbNmOzvwTdbrBzkQmXQ=</latexit><latexit sha1_base64="PyVXEewH1tfimQ8a2lGpPwoFylg=">AAACCHicjZDNS8MwGMbf+jnnV9WjB4ND8DRaEfQ49OJxgvuAtYw0TbewNO2SVBh1Ry/+K148KOLVP8Gb/41ZN0FFwQcCD7/nfUnyBClnSjvOuzU3v7C4tFxaKa+urW9s2lvbTZVkktAGSXgi2wFWlDNBG5ppTtuppDgOOG0Fg/NJ3rqmUrFEXOlRSv0Y9wSLGMHaoK6953EsepwibzjMcIhuPo0nC961K27VKYT+NhWYqd6137wwIVlMhSYcK9VxnVT7OZaaEU7HZS9TNMVkgHu0Y6zAMVV+XnxkjA4MCVGUSHOERgX9upHjWKlRHJjJGOu++plN4G9ZJ9PRqZ8zkWaaCjK9KMo40gmatIJCJinRfGQMJpKZtyLSxxITbbor/6+E5lHVdaru5XGldjarowS7sA+H4MIJ1OAC6tAAArdwD4/wZN1ZD9az9TIdnbNmOzvwTdbrBzkQmXQ=</latexit>

1

i
<latexit sha1_base64="9yjxBJ8ykIn6DVKUOfjMcjPbuVQ=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h1dYWV1b3yhulra2d3b3yvsHLaMyzbDJlFC6E1GDgktsWm4FdlKNNIkEtqPx9cxv36M2XMlbO0kxTOhQ8pgzap3U4P1yJaj6c5C/SQWWqPfL772BYlmC0jJBjekGfmrDnGrLmcBpqZcZTCkb0yF2HZU0QRPm80On5MQpAxIr7UpaMle/TuQ0MWaSRK4zoXZkfnoz8Tevm9n4Msy5TDOLki0WxZkgVpHZ12TANTIrJo5Qprm7lbAR1ZRZl03pfyG0zqqBXw0a55Xa1TKOIhzBMZxCABdQgxuoQxMYIDzAEzx7d96j9+K9LloL3nLmEL7Be/sE0+KM8A==</latexit><latexit sha1_base64="9yjxBJ8ykIn6DVKUOfjMcjPbuVQ=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h1dYWV1b3yhulra2d3b3yvsHLaMyzbDJlFC6E1GDgktsWm4FdlKNNIkEtqPx9cxv36M2XMlbO0kxTOhQ8pgzap3U4P1yJaj6c5C/SQWWqPfL772BYlmC0jJBjekGfmrDnGrLmcBpqZcZTCkb0yF2HZU0QRPm80On5MQpAxIr7UpaMle/TuQ0MWaSRK4zoXZkfnoz8Tevm9n4Msy5TDOLki0WxZkgVpHZ12TANTIrJo5Qprm7lbAR1ZRZl03pfyG0zqqBXw0a55Xa1TKOIhzBMZxCABdQgxuoQxMYIDzAEzx7d96j9+K9LloL3nLmEL7Be/sE0+KM8A==</latexit><latexit sha1_base64="9yjxBJ8ykIn6DVKUOfjMcjPbuVQ=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h1dYWV1b3yhulra2d3b3yvsHLaMyzbDJlFC6E1GDgktsWm4FdlKNNIkEtqPx9cxv36M2XMlbO0kxTOhQ8pgzap3U4P1yJaj6c5C/SQWWqPfL772BYlmC0jJBjekGfmrDnGrLmcBpqZcZTCkb0yF2HZU0QRPm80On5MQpAxIr7UpaMle/TuQ0MWaSRK4zoXZkfnoz8Tevm9n4Msy5TDOLki0WxZkgVpHZ12TANTIrJo5Qprm7lbAR1ZRZl03pfyG0zqqBXw0a55Xa1TKOIhzBMZxCABdQgxuoQxMYIDzAEzx7d96j9+K9LloL3nLmEL7Be/sE0+KM8A==</latexit><latexit sha1_base64="9yjxBJ8ykIn6DVKUOfjMcjPbuVQ=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h1dYWV1b3yhulra2d3b3yvsHLaMyzbDJlFC6E1GDgktsWm4FdlKNNIkEtqPx9cxv36M2XMlbO0kxTOhQ8pgzap3U4P1yJaj6c5C/SQWWqPfL772BYlmC0jJBjekGfmrDnGrLmcBpqZcZTCkb0yF2HZU0QRPm80On5MQpAxIr7UpaMle/TuQ0MWaSRK4zoXZkfnoz8Tevm9n4Msy5TDOLki0WxZkgVpHZ12TANTIrJo5Qprm7lbAR1ZRZl03pfyG0zqqBXw0a55Xa1TKOIhzBMZxCABdQgxuoQxMYIDzAEzx7d96j9+K9LloL3nLmEL7Be/sE0+KM8A==</latexit>

h | i
<latexit sha1_base64="PyVXEewH1tfimQ8a2lGpPwoFylg=">AAACCHicjZDNS8MwGMbf+jnnV9WjB4ND8DRaEfQ49OJxgvuAtYw0TbewNO2SVBh1Ry/+K148KOLVP8Gb/41ZN0FFwQcCD7/nfUnyBClnSjvOuzU3v7C4tFxaKa+urW9s2lvbTZVkktAGSXgi2wFWlDNBG5ppTtuppDgOOG0Fg/NJ3rqmUrFEXOlRSv0Y9wSLGMHaoK6953EsepwibzjMcIhuPo0nC961K27VKYT+NhWYqd6137wwIVlMhSYcK9VxnVT7OZaaEU7HZS9TNMVkgHu0Y6zAMVV+XnxkjA4MCVGUSHOERgX9upHjWKlRHJjJGOu++plN4G9ZJ9PRqZ8zkWaaCjK9KMo40gmatIJCJinRfGQMJpKZtyLSxxITbbor/6+E5lHVdaru5XGldjarowS7sA+H4MIJ1OAC6tAAArdwD4/wZN1ZD9az9TIdnbNmOzvwTdbrBzkQmXQ=</latexit><latexit sha1_base64="PyVXEewH1tfimQ8a2lGpPwoFylg=">AAACCHicjZDNS8MwGMbf+jnnV9WjB4ND8DRaEfQ49OJxgvuAtYw0TbewNO2SVBh1Ry/+K148KOLVP8Gb/41ZN0FFwQcCD7/nfUnyBClnSjvOuzU3v7C4tFxaKa+urW9s2lvbTZVkktAGSXgi2wFWlDNBG5ppTtuppDgOOG0Fg/NJ3rqmUrFEXOlRSv0Y9wSLGMHaoK6953EsepwibzjMcIhuPo0nC961K27VKYT+NhWYqd6137wwIVlMhSYcK9VxnVT7OZaaEU7HZS9TNMVkgHu0Y6zAMVV+XnxkjA4MCVGUSHOERgX9upHjWKlRHJjJGOu++plN4G9ZJ9PRqZ8zkWaaCjK9KMo40gmatIJCJinRfGQMJpKZtyLSxxITbbor/6+E5lHVdaru5XGldjarowS7sA+H4MIJ1OAC6tAAArdwD4/wZN1ZD9az9TIdnbNmOzvwTdbrBzkQmXQ=</latexit><latexit sha1_base64="PyVXEewH1tfimQ8a2lGpPwoFylg=">AAACCHicjZDNS8MwGMbf+jnnV9WjB4ND8DRaEfQ49OJxgvuAtYw0TbewNO2SVBh1Ry/+K148KOLVP8Gb/41ZN0FFwQcCD7/nfUnyBClnSjvOuzU3v7C4tFxaKa+urW9s2lvbTZVkktAGSXgi2wFWlDNBG5ppTtuppDgOOG0Fg/NJ3rqmUrFEXOlRSv0Y9wSLGMHaoK6953EsepwibzjMcIhuPo0nC961K27VKYT+NhWYqd6137wwIVlMhSYcK9VxnVT7OZaaEU7HZS9TNMVkgHu0Y6zAMVV+XnxkjA4MCVGUSHOERgX9upHjWKlRHJjJGOu++plN4G9ZJ9PRqZ8zkWaaCjK9KMo40gmatIJCJinRfGQMJpKZtyLSxxITbbor/6+E5lHVdaru5XGldjarowS7sA+H4MIJ1OAC6tAAArdwD4/wZN1ZD9az9TIdnbNmOzvwTdbrBzkQmXQ=</latexit><latexit sha1_base64="PyVXEewH1tfimQ8a2lGpPwoFylg=">AAACCHicjZDNS8MwGMbf+jnnV9WjB4ND8DRaEfQ49OJxgvuAtYw0TbewNO2SVBh1Ry/+K148KOLVP8Gb/41ZN0FFwQcCD7/nfUnyBClnSjvOuzU3v7C4tFxaKa+urW9s2lvbTZVkktAGSXgi2wFWlDNBG5ppTtuppDgOOG0Fg/NJ3rqmUrFEXOlRSv0Y9wSLGMHaoK6953EsepwibzjMcIhuPo0nC961K27VKYT+NhWYqd6137wwIVlMhSYcK9VxnVT7OZaaEU7HZS9TNMVkgHu0Y6zAMVV+XnxkjA4MCVGUSHOERgX9upHjWKlRHJjJGOu++plN4G9ZJ9PRqZ8zkWaaCjK9KMo40gmatIJCJinRfGQMJpKZtyLSxxITbbor/6+E5lHVdaru5XGldjarowS7sA+H4MIJ1OAC6tAAArdwD4/wZN1ZD9az9TIdnbNmOzvwTdbrBzkQmXQ=</latexit>

+
<latexit sha1_base64="ha7JXGgNx4eTDg9dJW/lrTUegmU=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBAEIeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h7e0vLK6tl7YKG5ube/slvb2m0ZlmmGDKaF0O6IGBZfYsNwKbKcaaRIJbEWj66nfukdtuJK3dpximNCB5DFn1DqpftorlYOKPwP5m5RhgVqv9N7tK5YlKC0T1JhO4Kc2zKm2nAmcFLuZwZSyER1gx1FJEzRhPjt0Qo6d0iex0q6kJTP160ROE2PGSeQ6E2qH5qc3FX/zOpmNL8OcyzSzKNl8UZwJYhWZfk36XCOzYuwIZZq7WwkbUk2ZddkU/xdC86wS+JWgfl6uXi3iKMAhHMEJBHABVbiBGjSAAcIDPMGzd+c9ei/e67x1yVvMHMA3eG+fdeqMsg==</latexit><latexit sha1_base64="ha7JXGgNx4eTDg9dJW/lrTUegmU=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBAEIeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h7e0vLK6tl7YKG5ube/slvb2m0ZlmmGDKaF0O6IGBZfYsNwKbKcaaRIJbEWj66nfukdtuJK3dpximNCB5DFn1DqpftorlYOKPwP5m5RhgVqv9N7tK5YlKC0T1JhO4Kc2zKm2nAmcFLuZwZSyER1gx1FJEzRhPjt0Qo6d0iex0q6kJTP160ROE2PGSeQ6E2qH5qc3FX/zOpmNL8OcyzSzKNl8UZwJYhWZfk36XCOzYuwIZZq7WwkbUk2ZddkU/xdC86wS+JWgfl6uXi3iKMAhHMEJBHABVbiBGjSAAcIDPMGzd+c9ei/e67x1yVvMHMA3eG+fdeqMsg==</latexit><latexit sha1_base64="ha7JXGgNx4eTDg9dJW/lrTUegmU=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBAEIeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h7e0vLK6tl7YKG5ube/slvb2m0ZlmmGDKaF0O6IGBZfYsNwKbKcaaRIJbEWj66nfukdtuJK3dpximNCB5DFn1DqpftorlYOKPwP5m5RhgVqv9N7tK5YlKC0T1JhO4Kc2zKm2nAmcFLuZwZSyER1gx1FJEzRhPjt0Qo6d0iex0q6kJTP160ROE2PGSeQ6E2qH5qc3FX/zOpmNL8OcyzSzKNl8UZwJYhWZfk36XCOzYuwIZZq7WwkbUk2ZddkU/xdC86wS+JWgfl6uXi3iKMAhHMEJBHABVbiBGjSAAcIDPMGzd+c9ei/e67x1yVvMHMA3eG+fdeqMsg==</latexit><latexit sha1_base64="ha7JXGgNx4eTDg9dJW/lrTUegmU=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBAEIeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h7e0vLK6tl7YKG5ube/slvb2m0ZlmmGDKaF0O6IGBZfYsNwKbKcaaRIJbEWj66nfukdtuJK3dpximNCB5DFn1DqpftorlYOKPwP5m5RhgVqv9N7tK5YlKC0T1JhO4Kc2zKm2nAmcFLuZwZSyER1gx1FJEzRhPjt0Qo6d0iex0q6kJTP160ROE2PGSeQ6E2qH5qc3FX/zOpmNL8OcyzSzKNl8UZwJYhWZfk36XCOzYuwIZZq7WwkbUk2ZddkU/xdC86wS+JWgfl6uXi3iKMAhHMEJBHABVbiBGjSAAcIDPMGzd+c9ei/e67x1yVvMHMA3eG+fdeqMsg==</latexit>

h | i
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Complete description of nature at low energies in terms of local interactions.

High-energy paths project onto the local basis in a perturbative expansion. 
We don’t need to know this physics to measure Ci.
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The fact that the SM amplitude is so small—and that we know the SM prediction precisely—
means that new physics could have an observable impact on this decay rate. Many 
supersymmetric theories (pre-LHC) predicted a factor of 10 enhancement in this rate.  

The SM predicts the Bs meson (spin-0 b-s state) decays into two muons 3 per billion decays, 
which results in less than one per trillion pp collisions producing this decay at LHCb.

Bs(bs)→μ+μ-

s

b̄

µ+

µ−

1

�(Bs ! µ+µ�) /

�����
�
CSM
bsµµ + CBSM

bsµµ

�
0

�����

2
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measure this decay rate

calculate these

determine if this 
is nonzero
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LHCb made the first single-experiment observation in 2017 and recently improved the precision 
using the full Runs 1 and 2 data samples.

LHCb-PAPER-2021-00(7,8)

Bs(bs)→μ+μ-

�(Bs ! µ+µ�)LHCb

�(Bs ! µ+µ�)SM
= 0.84± 0.12± 0.04± 0.04
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Strong Constraints on O(1—100) TeV Physics

Main message: Strong constraints on TeV-scale physics beyond the SM!
See T.Blake, T. Gershon, G. Hiller [1501.03309] for an accessible review.

The Bs→μ+μ- rate places strong constraints on local (pseudo)scalar (spin-0) interactions. The 
mass scale probed depends on what type of path(s) a BSM theory provides for this reaction.

MX & O(50TeV)
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LHCb has made the most precise measurements of hundreds of observables involving b and c 
quarks that are consistent with the SM predictions.  

We have also made the most precise measurements of CP violation (i.e matter/anti-matter 
asymmetries)—and even though we do observe many reactions with sizable CP violation, these 
asymmetries (or lack thereof) are all consistent with the SM expectations. 

s

b̄

µ+

µ−

1

MX & O(1TeV)
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s

b̄

µ+

µ−

1

simple path 
strongest constraints

complicated path 
weaker constraints

Impact proxy: LHCb Bs→μ+μ- papers ~2000 unique citations.
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Penguin Decays

W

t

b

q̄

µ+

µ−

s

q̄

1

b→s “penguin” decays are highly sensitive to many possible extensions to the SM (in many 
cases, these decays are by far the best way to make new types of particles). 

If you’re in the right state of mind, the Feynman diagram may (sort of) look like a penguin. 
 (see https://en.wikipedia.org/wiki/Penguin_diagram)

1

https://en.wikipedia.org/wiki/Penguin_diagram
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b→sμ+μ-

q̄

b

q̄

s

µ−

µ+

1

We can play the same game with b→s penguin decays as we did with Bs→μ+μ-. The b→sμμ 
family of decays provide many sensitive observables (decay rates, angular distributions, etc) to 
test the Lorentz structure of the SM.

Global analyses quote 4-5σ deviations with the SM; however, these calculations require 
understanding the QCD effects that bind the quarks—and QCD is hard!

not restricted to spin-0 
interactions here

LHCb, PRL 125 (2020); LHCb-PAPER-2021-014; etc…

[…]

P 0
5[4, 6]GeV2
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P 0
5[6, 8]GeV2

<latexit sha1_base64="ZDZe9X8PcIGxaOVqjsZtkAof9Is=">AAACB3icbVDPSwJBFJ7tp9kvq2MQQxJ0ENkVS71JHepokBq4q8yOTx2c2V1mZgNZvHXpX+nSoYiu/Qvd+m8aTaKyDx58fN97vPc+P+JMadv+sBYWl5ZXVlNr6fWNza3tzM5uQ4WxpFCnIQ/ljU8UcBZAXTPN4SaSQITPoekPzyd+8xakYmFwrUcReIL0A9ZjlGgjdTIHtc5JO3EjyQSMW6e5sufmElcKfAGNcbvQyWTtfKVSrJwUsSHlkn1awk7enuKbZNEMtU7m3e2GNBYQaMqJUi3HjrSXEKkZ5TBOu7GCiNAh6UPL0IAIUF4y/WOMj4zSxb1Qmgo0nqo/JxIilBoJ33QKogfqrzcR//Nase6VvYQFUawhoF+LejHHOsSTUHCXSaCajwwhVDJzK6YDIgnVJrq0CWHu5XnSKOQdO+9cFbPVs1kcKbSPDtExclAJVdElqqE6ougOPaAn9GzdW4/Wi/X61bpgzWb20C9Yb5++ZpiX</latexit><latexit sha1_base64="ZDZe9X8PcIGxaOVqjsZtkAof9Is=">AAACB3icbVDPSwJBFJ7tp9kvq2MQQxJ0ENkVS71JHepokBq4q8yOTx2c2V1mZgNZvHXpX+nSoYiu/Qvd+m8aTaKyDx58fN97vPc+P+JMadv+sBYWl5ZXVlNr6fWNza3tzM5uQ4WxpFCnIQ/ljU8UcBZAXTPN4SaSQITPoekPzyd+8xakYmFwrUcReIL0A9ZjlGgjdTIHtc5JO3EjyQSMW6e5sufmElcKfAGNcbvQyWTtfKVSrJwUsSHlkn1awk7enuKbZNEMtU7m3e2GNBYQaMqJUi3HjrSXEKkZ5TBOu7GCiNAh6UPL0IAIUF4y/WOMj4zSxb1Qmgo0nqo/JxIilBoJ33QKogfqrzcR//Nase6VvYQFUawhoF+LejHHOsSTUHCXSaCajwwhVDJzK6YDIgnVJrq0CWHu5XnSKOQdO+9cFbPVs1kcKbSPDtExclAJVdElqqE6ougOPaAn9GzdW4/Wi/X61bpgzWb20C9Yb5++ZpiX</latexit><latexit sha1_base64="ZDZe9X8PcIGxaOVqjsZtkAof9Is=">AAACB3icbVDPSwJBFJ7tp9kvq2MQQxJ0ENkVS71JHepokBq4q8yOTx2c2V1mZgNZvHXpX+nSoYiu/Qvd+m8aTaKyDx58fN97vPc+P+JMadv+sBYWl5ZXVlNr6fWNza3tzM5uQ4WxpFCnIQ/ljU8UcBZAXTPN4SaSQITPoekPzyd+8xakYmFwrUcReIL0A9ZjlGgjdTIHtc5JO3EjyQSMW6e5sufmElcKfAGNcbvQyWTtfKVSrJwUsSHlkn1awk7enuKbZNEMtU7m3e2GNBYQaMqJUi3HjrSXEKkZ5TBOu7GCiNAh6UPL0IAIUF4y/WOMj4zSxb1Qmgo0nqo/JxIilBoJ33QKogfqrzcR//Nase6VvYQFUawhoF+LejHHOsSTUHCXSaCajwwhVDJzK6YDIgnVJrq0CWHu5XnSKOQdO+9cFbPVs1kcKbSPDtExclAJVdElqqE6ougOPaAn9GzdW4/Wi/X61bpgzWb20C9Yb5++ZpiX</latexit><latexit sha1_base64="ZDZe9X8PcIGxaOVqjsZtkAof9Is=">AAACB3icbVDPSwJBFJ7tp9kvq2MQQxJ0ENkVS71JHepokBq4q8yOTx2c2V1mZgNZvHXpX+nSoYiu/Qvd+m8aTaKyDx58fN97vPc+P+JMadv+sBYWl5ZXVlNr6fWNza3tzM5uQ4WxpFCnIQ/ljU8UcBZAXTPN4SaSQITPoekPzyd+8xakYmFwrUcReIL0A9ZjlGgjdTIHtc5JO3EjyQSMW6e5sufmElcKfAGNcbvQyWTtfKVSrJwUsSHlkn1awk7enuKbZNEMtU7m3e2GNBYQaMqJUi3HjrSXEKkZ5TBOu7GCiNAh6UPL0IAIUF4y/WOMj4zSxb1Qmgo0nqo/JxIilBoJ33QKogfqrzcR//Nase6VvYQFUawhoF+LejHHOsSTUHCXSaCajwwhVDJzK6YDIgnVJrq0CWHu5XnSKOQdO+9cFbPVs1kcKbSPDtExclAJVdElqqE6ougOPaAn9GzdW4/Wi/X61bpgzWb20C9Yb5++ZpiX</latexit>
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<latexit sha1_base64="hUkTbFnJpSM3fBd6hBLN/EYOblw=">AAACB3icdZDLSgMxFIYz9VbrbdSlIMEiuHHM6IjtrthNFwoVrS20pWTStA3NXEgyQpnOzo2v4saFIm59BXe+jekNVPSHkI//nENyfjfkTCqEPo3U3PzC4lJ6ObOyura+YW5u3cogEoRWSMADUXOxpJz5tKKY4rQWCoo9l9Oq2y+O6tU7KiQL/Bs1CGnTw12fdRjBSlstc3cYN4QHL0pFNzkc4/VlMjyaUcvMIstBWqcQWTl9O46GfD6XP8lD20JjZcFU5Zb50WgHJPKorwjHUtZtFKpmjIVihNMk04gkDTHp4y6ta/SxR2UzHu+RwH3ttGEnEPr4Co7d7xMx9qQceK7u9LDqyd+1kflXrR6pTq4ZMz+MFPXJ5KFOxKEK4CgU2GaCEsUHGjARTP8Vkh4WmCgdXUaHMNsU/g+3x5aNLPvKyRbOp3GkwQ7YAwfABmegAEqgDCqAgHvwCJ7Bi/FgPBmvxtukNWVMZ7bBDxnvXzUQmOU=</latexit><latexit sha1_base64="hUkTbFnJpSM3fBd6hBLN/EYOblw=">AAACB3icdZDLSgMxFIYz9VbrbdSlIMEiuHHM6IjtrthNFwoVrS20pWTStA3NXEgyQpnOzo2v4saFIm59BXe+jekNVPSHkI//nENyfjfkTCqEPo3U3PzC4lJ6ObOyura+YW5u3cogEoRWSMADUXOxpJz5tKKY4rQWCoo9l9Oq2y+O6tU7KiQL/Bs1CGnTw12fdRjBSlstc3cYN4QHL0pFNzkc4/VlMjyaUcvMIstBWqcQWTl9O46GfD6XP8lD20JjZcFU5Zb50WgHJPKorwjHUtZtFKpmjIVihNMk04gkDTHp4y6ta/SxR2UzHu+RwH3ttGEnEPr4Co7d7xMx9qQceK7u9LDqyd+1kflXrR6pTq4ZMz+MFPXJ5KFOxKEK4CgU2GaCEsUHGjARTP8Vkh4WmCgdXUaHMNsU/g+3x5aNLPvKyRbOp3GkwQ7YAwfABmegAEqgDCqAgHvwCJ7Bi/FgPBmvxtukNWVMZ7bBDxnvXzUQmOU=</latexit><latexit sha1_base64="hUkTbFnJpSM3fBd6hBLN/EYOblw=">AAACB3icdZDLSgMxFIYz9VbrbdSlIMEiuHHM6IjtrthNFwoVrS20pWTStA3NXEgyQpnOzo2v4saFIm59BXe+jekNVPSHkI//nENyfjfkTCqEPo3U3PzC4lJ6ObOyura+YW5u3cogEoRWSMADUXOxpJz5tKKY4rQWCoo9l9Oq2y+O6tU7KiQL/Bs1CGnTw12fdRjBSlstc3cYN4QHL0pFNzkc4/VlMjyaUcvMIstBWqcQWTl9O46GfD6XP8lD20JjZcFU5Zb50WgHJPKorwjHUtZtFKpmjIVihNMk04gkDTHp4y6ta/SxR2UzHu+RwH3ttGEnEPr4Co7d7xMx9qQceK7u9LDqyd+1kflXrR6pTq4ZMz+MFPXJ5KFOxKEK4CgU2GaCEsUHGjARTP8Vkh4WmCgdXUaHMNsU/g+3x5aNLPvKyRbOp3GkwQ7YAwfABmegAEqgDCqAgHvwCJ7Bi/FgPBmvxtukNWVMZ7bBDxnvXzUQmOU=</latexit><latexit sha1_base64="hUkTbFnJpSM3fBd6hBLN/EYOblw=">AAACB3icdZDLSgMxFIYz9VbrbdSlIMEiuHHM6IjtrthNFwoVrS20pWTStA3NXEgyQpnOzo2v4saFIm59BXe+jekNVPSHkI//nENyfjfkTCqEPo3U3PzC4lJ6ObOyura+YW5u3cogEoRWSMADUXOxpJz5tKKY4rQWCoo9l9Oq2y+O6tU7KiQL/Bs1CGnTw12fdRjBSlstc3cYN4QHL0pFNzkc4/VlMjyaUcvMIstBWqcQWTl9O46GfD6XP8lD20JjZcFU5Zb50WgHJPKorwjHUtZtFKpmjIVihNMk04gkDTHp4y6ta/SxR2UzHu+RwH3ttGEnEPr4Co7d7xMx9qQceK7u9LDqyd+1kflXrR6pTq4ZMz+MFPXJ5KFOxKEK4CgU2GaCEsUHGjARTP8Vkh4WmCgdXUaHMNsU/g+3x5aNLPvKyRbOp3GkwQ7YAwfABmegAEqgDCqAgHvwCJ7Bi/FgPBmvxtukNWVMZ7bBDxnvXzUQmOU=</latexit>

B�µµ[2.5, 4]GeV2
<latexit sha1_base64="3u5yDRMQtoIrV33kZa1CiSI+u6A=">AAACFXicdVBLSwMxGMz6rPVV9eglWAQPZdktlba3Ug96rGAf0F2XbJptQ5PdJckKZdk/4cW/4sWDIl4Fb/4b04fgc0hgmPk+khk/ZlQqy3o3lpZXVtfWcxv5za3tnd3C3n5HRonApI0jFomejyRhNCRtRRUjvVgQxH1Guv74bOp3b4iQNAqv1CQmLkfDkAYUI6Ulr1ByOFIjjFjazLzUiUfU4Yk+Wb9snpYqrlNKHcHhOelk12WvULTMeq1uVavwN7FNa4YiWKDlFd6cQYQTTkKFGZKyb1uxclMkFMWMZHknkSRGeIyGpK9piDiRbjpLlcFjrQxgEAl9QwVn6teNFHEpJ9zXk9MM8qc3Ff/y+okKam5KwzhRJMTzh4KEQRXBaUVwQAXBik00QVhQ/VeIR0ggrHSReV3CZ1L4P+mUTdsy7ctKsdFc1JEDh+AInAAbVEEDXIAWaAMMbsE9eARPxp3xYDwbL/PRJWOxcwC+wXj9ADZFntU=</latexit><latexit sha1_base64="3u5yDRMQtoIrV33kZa1CiSI+u6A=">AAACFXicdVBLSwMxGMz6rPVV9eglWAQPZdktlba3Ug96rGAf0F2XbJptQ5PdJckKZdk/4cW/4sWDIl4Fb/4b04fgc0hgmPk+khk/ZlQqy3o3lpZXVtfWcxv5za3tnd3C3n5HRonApI0jFomejyRhNCRtRRUjvVgQxH1Guv74bOp3b4iQNAqv1CQmLkfDkAYUI6Ulr1ByOFIjjFjazLzUiUfU4Yk+Wb9snpYqrlNKHcHhOelk12WvULTMeq1uVavwN7FNa4YiWKDlFd6cQYQTTkKFGZKyb1uxclMkFMWMZHknkSRGeIyGpK9piDiRbjpLlcFjrQxgEAl9QwVn6teNFHEpJ9zXk9MM8qc3Ff/y+okKam5KwzhRJMTzh4KEQRXBaUVwQAXBik00QVhQ/VeIR0ggrHSReV3CZ1L4P+mUTdsy7ctKsdFc1JEDh+AInAAbVEEDXIAWaAMMbsE9eARPxp3xYDwbL/PRJWOxcwC+wXj9ADZFntU=</latexit><latexit sha1_base64="3u5yDRMQtoIrV33kZa1CiSI+u6A=">AAACFXicdVBLSwMxGMz6rPVV9eglWAQPZdktlba3Ug96rGAf0F2XbJptQ5PdJckKZdk/4cW/4sWDIl4Fb/4b04fgc0hgmPk+khk/ZlQqy3o3lpZXVtfWcxv5za3tnd3C3n5HRonApI0jFomejyRhNCRtRRUjvVgQxH1Guv74bOp3b4iQNAqv1CQmLkfDkAYUI6Ulr1ByOFIjjFjazLzUiUfU4Yk+Wb9snpYqrlNKHcHhOelk12WvULTMeq1uVavwN7FNa4YiWKDlFd6cQYQTTkKFGZKyb1uxclMkFMWMZHknkSRGeIyGpK9piDiRbjpLlcFjrQxgEAl9QwVn6teNFHEpJ9zXk9MM8qc3Ff/y+okKam5KwzhRJMTzh4KEQRXBaUVwQAXBik00QVhQ/VeIR0ggrHSReV3CZ1L4P+mUTdsy7ctKsdFc1JEDh+AInAAbVEEDXIAWaAMMbsE9eARPxp3xYDwbL/PRJWOxcwC+wXj9ADZFntU=</latexit><latexit sha1_base64="3u5yDRMQtoIrV33kZa1CiSI+u6A=">AAACFXicdVBLSwMxGMz6rPVV9eglWAQPZdktlba3Ug96rGAf0F2XbJptQ5PdJckKZdk/4cW/4sWDIl4Fb/4b04fgc0hgmPk+khk/ZlQqy3o3lpZXVtfWcxv5za3tnd3C3n5HRonApI0jFomejyRhNCRtRRUjvVgQxH1Guv74bOp3b4iQNAqv1CQmLkfDkAYUI6Ulr1ByOFIjjFjazLzUiUfU4Yk+Wb9snpYqrlNKHcHhOelk12WvULTMeq1uVavwN7FNa4YiWKDlFd6cQYQTTkKFGZKyb1uxclMkFMWMZHknkSRGeIyGpK9piDiRbjpLlcFjrQxgEAl9QwVn6teNFHEpJ9zXk9MM8qc3Ff/y+okKam5KwzhRJMTzh4KEQRXBaUVwQAXBik00QVhQ/VeIR0ggrHSReV3CZ1L4P+mUTdsy7ctKsdFc1JEDh+AInAAbVEEDXIAWaAMMbsE9eARPxp3xYDwbL/PRJWOxcwC+wXj9ADZFntU=</latexit>

B�µµ[4, 6]GeV2
<latexit sha1_base64="BMQTgHFRTIF9q/dNLErlh5lSZ9w=">AAACE3icdVBLSwMxGMzWV62vqkcvwSKIlLJbim1vpR70WME+YHct2TTbhia7S5IVyrL/wYt/xYsHRbx68ea/MX0IPocEhpnvI5nxIkalMs13I7O0vLK6ll3PbWxube/kd/c6MowFJm0cslD0PCQJowFpK6oY6UWCIO4x0vXGZ1O/e0OEpGFwpSYRcTkaBtSnGCkt9fMnDkdqhBFLmmk/caIRdXisT2pXiqeuU0wcweE56aTX5X6+YJbqtbpZrcLfxCqZMxTAAq1+/s0ZhDjmJFCYISlty4yUmyChKGYkzTmxJBHCYzQktqYB4kS6ySxTCo+0MoB+KPQNFJypXzcSxKWccE9PThPIn95U/MuzY+XX3IQGUaxIgOcP+TGDKoTTguCACoIVm2iCsKD6rxCPkEBY6RpzuoTPpPB/0imXLLNkXVYKjeaijiw4AIfgGFigChrgArRAG2BwC+7BI3gy7owH49l4mY9mjMXOPvgG4/UDQJKeYg==</latexit><latexit sha1_base64="BMQTgHFRTIF9q/dNLErlh5lSZ9w=">AAACE3icdVBLSwMxGMzWV62vqkcvwSKIlLJbim1vpR70WME+YHct2TTbhia7S5IVyrL/wYt/xYsHRbx68ea/MX0IPocEhpnvI5nxIkalMs13I7O0vLK6ll3PbWxube/kd/c6MowFJm0cslD0PCQJowFpK6oY6UWCIO4x0vXGZ1O/e0OEpGFwpSYRcTkaBtSnGCkt9fMnDkdqhBFLmmk/caIRdXisT2pXiqeuU0wcweE56aTX5X6+YJbqtbpZrcLfxCqZMxTAAq1+/s0ZhDjmJFCYISlty4yUmyChKGYkzTmxJBHCYzQktqYB4kS6ySxTCo+0MoB+KPQNFJypXzcSxKWccE9PThPIn95U/MuzY+XX3IQGUaxIgOcP+TGDKoTTguCACoIVm2iCsKD6rxCPkEBY6RpzuoTPpPB/0imXLLNkXVYKjeaijiw4AIfgGFigChrgArRAG2BwC+7BI3gy7owH49l4mY9mjMXOPvgG4/UDQJKeYg==</latexit><latexit sha1_base64="BMQTgHFRTIF9q/dNLErlh5lSZ9w=">AAACE3icdVBLSwMxGMzWV62vqkcvwSKIlLJbim1vpR70WME+YHct2TTbhia7S5IVyrL/wYt/xYsHRbx68ea/MX0IPocEhpnvI5nxIkalMs13I7O0vLK6ll3PbWxube/kd/c6MowFJm0cslD0PCQJowFpK6oY6UWCIO4x0vXGZ1O/e0OEpGFwpSYRcTkaBtSnGCkt9fMnDkdqhBFLmmk/caIRdXisT2pXiqeuU0wcweE56aTX5X6+YJbqtbpZrcLfxCqZMxTAAq1+/s0ZhDjmJFCYISlty4yUmyChKGYkzTmxJBHCYzQktqYB4kS6ySxTCo+0MoB+KPQNFJypXzcSxKWccE9PThPIn95U/MuzY+XX3IQGUaxIgOcP+TGDKoTTguCACoIVm2iCsKD6rxCPkEBY6RpzuoTPpPB/0imXLLNkXVYKjeaijiw4AIfgGFigChrgArRAG2BwC+7BI3gy7owH49l4mY9mjMXOPvgG4/UDQJKeYg==</latexit><latexit sha1_base64="BMQTgHFRTIF9q/dNLErlh5lSZ9w=">AAACE3icdVBLSwMxGMzWV62vqkcvwSKIlLJbim1vpR70WME+YHct2TTbhia7S5IVyrL/wYt/xYsHRbx68ea/MX0IPocEhpnvI5nxIkalMs13I7O0vLK6ll3PbWxube/kd/c6MowFJm0cslD0PCQJowFpK6oY6UWCIO4x0vXGZ1O/e0OEpGFwpSYRcTkaBtSnGCkt9fMnDkdqhBFLmmk/caIRdXisT2pXiqeuU0wcweE56aTX5X6+YJbqtbpZrcLfxCqZMxTAAq1+/s0ZhDjmJFCYISlty4yUmyChKGYkzTmxJBHCYzQktqYB4kS6ySxTCo+0MoB+KPQNFJypXzcSxKWccE9PThPIn95U/MuzY+XX3IQGUaxIgOcP+TGDKoTTguCACoIVm2iCsKD6rxCPkEBY6RpzuoTPpPB/0imXLLNkXVYKjeaijiw4AIfgGFigChrgArRAG2BwC+7BI3gy7owH49l4mY9mjMXOPvgG4/UDQJKeYg==</latexit>
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"16

Lepton Universality
Since leptons are neutral under QCD, ratios of decay rates where only the lepton flavors differ 
largely avoid QCD theory uncertainties. Of course, the experimental systematic effects are also 
reduced — always measure ratios.

RK(⇤) ⌘
�(B ! K(⇤)µµ)

�(B ! K(⇤)ee)

SM⇡ 1
<latexit sha1_base64="DhnkvVgl7dUHNC3Np7XwvfPJUFw="></latexit><latexit sha1_base64="DhnkvVgl7dUHNC3Np7XwvfPJUFw="></latexit><latexit sha1_base64="DhnkvVgl7dUHNC3Np7XwvfPJUFw="></latexit><latexit sha1_base64="DhnkvVgl7dUHNC3Np7XwvfPJUFw="></latexit>
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<latexit sha1_base64="Gixzu9pEoFgNuzx/7ZypIr1/UZY=">AAACKnicjVDLSsNAFJ3UV62vqEs3g6VQXdREBF1WuymoUB99QJOWyXTSDp1MwsxEKCHf48ZfcdOFUtz6ISZtFyoqHhg4nHMv98xxAkalMoyJlllYXFpeya7m1tY3Nrf07Z2G9EOBSR37zBctB0nCKCd1RRUjrUAQ5DmMNJ1hJfWbD0RI6vN7NQqI7aE+py7FSCVSVz+3PKQGGLHoNu5Gl52oeHgQx53IEh68qlacGB7BP0buruOunjdLxhTwd5IHc9S6+tjq+Tj0CFeYISnbphEoO0JCUcxInLNCSQKEh6hP2gnlyCPSjqZfjWEhUXrQ9UXyuIJT9fNGhDwpR16Su5Cmlt+9VPzJa4fKPbMjyoNQEY5nh9yQQeXDtDfYo4JgxUYJQVjQJCvEAyQQVkm7uf+V0DgumUbJvDnJly/mdWTBHtgHRWCCU1AGVVADdYDBI3gGL+BVe9LG2kR7m41mtPnOLvgC7f0Dr7SmyA==</latexit><latexit sha1_base64="Gixzu9pEoFgNuzx/7ZypIr1/UZY=">AAACKnicjVDLSsNAFJ3UV62vqEs3g6VQXdREBF1WuymoUB99QJOWyXTSDp1MwsxEKCHf48ZfcdOFUtz6ISZtFyoqHhg4nHMv98xxAkalMoyJlllYXFpeya7m1tY3Nrf07Z2G9EOBSR37zBctB0nCKCd1RRUjrUAQ5DmMNJ1hJfWbD0RI6vN7NQqI7aE+py7FSCVSVz+3PKQGGLHoNu5Gl52oeHgQx53IEh68qlacGB7BP0buruOunjdLxhTwd5IHc9S6+tjq+Tj0CFeYISnbphEoO0JCUcxInLNCSQKEh6hP2gnlyCPSjqZfjWEhUXrQ9UXyuIJT9fNGhDwpR16Su5Cmlt+9VPzJa4fKPbMjyoNQEY5nh9yQQeXDtDfYo4JgxUYJQVjQJCvEAyQQVkm7uf+V0DgumUbJvDnJly/mdWTBHtgHRWCCU1AGVVADdYDBI3gGL+BVe9LG2kR7m41mtPnOLvgC7f0Dr7SmyA==</latexit><latexit sha1_base64="Gixzu9pEoFgNuzx/7ZypIr1/UZY=">AAACKnicjVDLSsNAFJ3UV62vqEs3g6VQXdREBF1WuymoUB99QJOWyXTSDp1MwsxEKCHf48ZfcdOFUtz6ISZtFyoqHhg4nHMv98xxAkalMoyJlllYXFpeya7m1tY3Nrf07Z2G9EOBSR37zBctB0nCKCd1RRUjrUAQ5DmMNJ1hJfWbD0RI6vN7NQqI7aE+py7FSCVSVz+3PKQGGLHoNu5Gl52oeHgQx53IEh68qlacGB7BP0buruOunjdLxhTwd5IHc9S6+tjq+Tj0CFeYISnbphEoO0JCUcxInLNCSQKEh6hP2gnlyCPSjqZfjWEhUXrQ9UXyuIJT9fNGhDwpR16Su5Cmlt+9VPzJa4fKPbMjyoNQEY5nh9yQQeXDtDfYo4JgxUYJQVjQJCvEAyQQVkm7uf+V0DgumUbJvDnJly/mdWTBHtgHRWCCU1AGVVADdYDBI3gGL+BVe9LG2kR7m41mtPnOLvgC7f0Dr7SmyA==</latexit><latexit sha1_base64="Gixzu9pEoFgNuzx/7ZypIr1/UZY=">AAACKnicjVDLSsNAFJ3UV62vqEs3g6VQXdREBF1WuymoUB99QJOWyXTSDp1MwsxEKCHf48ZfcdOFUtz6ISZtFyoqHhg4nHMv98xxAkalMoyJlllYXFpeya7m1tY3Nrf07Z2G9EOBSR37zBctB0nCKCd1RRUjrUAQ5DmMNJ1hJfWbD0RI6vN7NQqI7aE+py7FSCVSVz+3PKQGGLHoNu5Gl52oeHgQx53IEh68qlacGB7BP0buruOunjdLxhTwd5IHc9S6+tjq+Tj0CFeYISnbphEoO0JCUcxInLNCSQKEh6hP2gnlyCPSjqZfjWEhUXrQ9UXyuIJT9fNGhDwpR16Su5Cmlt+9VPzJa4fKPbMjyoNQEY5nh9yQQeXDtDfYo4JgxUYJQVjQJCvEAyQQVkm7uf+V0DgumUbJvDnJly/mdWTBHtgHRWCCU1AGVVADdYDBI3gGL+BVe9LG2kR7m41mtPnOLvgC7f0Dr7SmyA==</latexit>

RK⇤ [0.045, 1.1]GeV2
<latexit sha1_base64="8rJBJ2K9CxDv85BklgS2vvNMrac=">AAACFHicjVDLSsNAFJ3UV62vqEs3g0UQLSEpFV0WXSi4qWIfkKRhMp22QycPZiZCCfkIN/6KGxeKuHXhzr9x0nahouCBC4dz7uXee/yYUSFN80MrzM0vLC4Vl0srq2vrG/rmVktECcekiSMW8Y6PBGE0JE1JJSOdmBMU+Iy0/dFZ7rdvCRc0Cm/kOCZugAYh7VOMpJI8/dAJkBxixNLrzEsvu+lBltmmYdaOKpZhuU4ldXgAz0kr61Y9vWwZ5gTwb1IGMzQ8/d3pRTgJSCgxQ0LYlhlLN0VcUsxIVnISQWKER2hAbEVDFBDhppOnMrinlB7sR1xVKOFE/TqRokCIceCrzvwF8dPLxd88O5H9EzelYZxIEuLpon7CoIxgnhDsUU6wZGNFEOZU3QrxEHGEpcqx9L8QWlXDMg3rqlaun87iKIIdsAv2gQWOQR1cgAZoAgzuwAN4As/avfaovWiv09aCNpvZBt+gvX0C+Nic1g==</latexit><latexit sha1_base64="8rJBJ2K9CxDv85BklgS2vvNMrac=">AAACFHicjVDLSsNAFJ3UV62vqEs3g0UQLSEpFV0WXSi4qWIfkKRhMp22QycPZiZCCfkIN/6KGxeKuHXhzr9x0nahouCBC4dz7uXee/yYUSFN80MrzM0vLC4Vl0srq2vrG/rmVktECcekiSMW8Y6PBGE0JE1JJSOdmBMU+Iy0/dFZ7rdvCRc0Cm/kOCZugAYh7VOMpJI8/dAJkBxixNLrzEsvu+lBltmmYdaOKpZhuU4ldXgAz0kr61Y9vWwZ5gTwb1IGMzQ8/d3pRTgJSCgxQ0LYlhlLN0VcUsxIVnISQWKER2hAbEVDFBDhppOnMrinlB7sR1xVKOFE/TqRokCIceCrzvwF8dPLxd88O5H9EzelYZxIEuLpon7CoIxgnhDsUU6wZGNFEOZU3QrxEHGEpcqx9L8QWlXDMg3rqlaun87iKIIdsAv2gQWOQR1cgAZoAgzuwAN4As/avfaovWiv09aCNpvZBt+gvX0C+Nic1g==</latexit><latexit sha1_base64="8rJBJ2K9CxDv85BklgS2vvNMrac=">AAACFHicjVDLSsNAFJ3UV62vqEs3g0UQLSEpFV0WXSi4qWIfkKRhMp22QycPZiZCCfkIN/6KGxeKuHXhzr9x0nahouCBC4dz7uXee/yYUSFN80MrzM0vLC4Vl0srq2vrG/rmVktECcekiSMW8Y6PBGE0JE1JJSOdmBMU+Iy0/dFZ7rdvCRc0Cm/kOCZugAYh7VOMpJI8/dAJkBxixNLrzEsvu+lBltmmYdaOKpZhuU4ldXgAz0kr61Y9vWwZ5gTwb1IGMzQ8/d3pRTgJSCgxQ0LYlhlLN0VcUsxIVnISQWKER2hAbEVDFBDhppOnMrinlB7sR1xVKOFE/TqRokCIceCrzvwF8dPLxd88O5H9EzelYZxIEuLpon7CoIxgnhDsUU6wZGNFEOZU3QrxEHGEpcqx9L8QWlXDMg3rqlaun87iKIIdsAv2gQWOQR1cgAZoAgzuwAN4As/avfaovWiv09aCNpvZBt+gvX0C+Nic1g==</latexit><latexit sha1_base64="8rJBJ2K9CxDv85BklgS2vvNMrac=">AAACFHicjVDLSsNAFJ3UV62vqEs3g0UQLSEpFV0WXSi4qWIfkKRhMp22QycPZiZCCfkIN/6KGxeKuHXhzr9x0nahouCBC4dz7uXee/yYUSFN80MrzM0vLC4Vl0srq2vrG/rmVktECcekiSMW8Y6PBGE0JE1JJSOdmBMU+Iy0/dFZ7rdvCRc0Cm/kOCZugAYh7VOMpJI8/dAJkBxixNLrzEsvu+lBltmmYdaOKpZhuU4ldXgAz0kr61Y9vWwZ5gTwb1IGMzQ8/d3pRTgJSCgxQ0LYlhlLN0VcUsxIVnISQWKER2hAbEVDFBDhppOnMrinlB7sR1xVKOFE/TqRokCIceCrzvwF8dPLxd88O5H9EzelYZxIEuLpon7CoIxgnhDsUU6wZGNFEOZU3QrxEHGEpcqx9L8QWlXDMg3rqlaun87iKIIdsAv2gQWOQR1cgAZoAgzuwAN4As/avfaovWiv09aCNpvZBt+gvX0C+Nic1g==</latexit>

RK⇤ [1.1, 6]GeV2
<latexit sha1_base64="0XPjXvYYOYL6+ydI7zH0WdNMXbk=">AAACEHicjVDLSsNAFJ34rPUVdelmsIgiJSRF1GXRhYKbKvYBSRom00k7dDIJMxOhhHyCG3/FjQtF3Lp059+YtF2oKHjgwuGce7n3Hj9mVCrT/NBmZufmFxZLS+XlldW1dX1jsyWjRGDSxBGLRMdHkjDKSVNRxUgnFgSFPiNtf3hW+O1bIiSN+I0axcQNUZ/TgGKkcsnT95wQqQFGLL3OvPSymx5kmW0ZVvXIdaqpI0J4TlpZt+bpFcswx4B/kwqYouHp704vwklIuMIMSWlbZqzcFAlFMSNZ2UkkiREeoj6xc8pRSKSbjh/K4G6u9GAQiby4gmP160SKQilHoZ93FufLn14h/ubZiQpO3JTyOFGE48miIGFQRbBIB/aoIFixUU4QFjS/FeIBEgirPMPy/0Jo1QzLNKyrw0r9dBpHCWyDHbAPLHAM6uACNEATYHAHHsATeNbutUftRXudtM5o05kt8A3a2ycPiZvt</latexit><latexit sha1_base64="0XPjXvYYOYL6+ydI7zH0WdNMXbk=">AAACEHicjVDLSsNAFJ34rPUVdelmsIgiJSRF1GXRhYKbKvYBSRom00k7dDIJMxOhhHyCG3/FjQtF3Lp059+YtF2oKHjgwuGce7n3Hj9mVCrT/NBmZufmFxZLS+XlldW1dX1jsyWjRGDSxBGLRMdHkjDKSVNRxUgnFgSFPiNtf3hW+O1bIiSN+I0axcQNUZ/TgGKkcsnT95wQqQFGLL3OvPSymx5kmW0ZVvXIdaqpI0J4TlpZt+bpFcswx4B/kwqYouHp704vwklIuMIMSWlbZqzcFAlFMSNZ2UkkiREeoj6xc8pRSKSbjh/K4G6u9GAQiby4gmP160SKQilHoZ93FufLn14h/ubZiQpO3JTyOFGE48miIGFQRbBIB/aoIFixUU4QFjS/FeIBEgirPMPy/0Jo1QzLNKyrw0r9dBpHCWyDHbAPLHAM6uACNEATYHAHHsATeNbutUftRXudtM5o05kt8A3a2ycPiZvt</latexit><latexit sha1_base64="0XPjXvYYOYL6+ydI7zH0WdNMXbk=">AAACEHicjVDLSsNAFJ34rPUVdelmsIgiJSRF1GXRhYKbKvYBSRom00k7dDIJMxOhhHyCG3/FjQtF3Lp059+YtF2oKHjgwuGce7n3Hj9mVCrT/NBmZufmFxZLS+XlldW1dX1jsyWjRGDSxBGLRMdHkjDKSVNRxUgnFgSFPiNtf3hW+O1bIiSN+I0axcQNUZ/TgGKkcsnT95wQqQFGLL3OvPSymx5kmW0ZVvXIdaqpI0J4TlpZt+bpFcswx4B/kwqYouHp704vwklIuMIMSWlbZqzcFAlFMSNZ2UkkiREeoj6xc8pRSKSbjh/K4G6u9GAQiby4gmP160SKQilHoZ93FufLn14h/ubZiQpO3JTyOFGE48miIGFQRbBIB/aoIFixUU4QFjS/FeIBEgirPMPy/0Jo1QzLNKyrw0r9dBpHCWyDHbAPLHAM6uACNEATYHAHHsATeNbutUftRXudtM5o05kt8A3a2ycPiZvt</latexit><latexit sha1_base64="0XPjXvYYOYL6+ydI7zH0WdNMXbk=">AAACEHicjVDLSsNAFJ34rPUVdelmsIgiJSRF1GXRhYKbKvYBSRom00k7dDIJMxOhhHyCG3/FjQtF3Lp059+YtF2oKHjgwuGce7n3Hj9mVCrT/NBmZufmFxZLS+XlldW1dX1jsyWjRGDSxBGLRMdHkjDKSVNRxUgnFgSFPiNtf3hW+O1bIiSN+I0axcQNUZ/TgGKkcsnT95wQqQFGLL3OvPSymx5kmW0ZVvXIdaqpI0J4TlpZt+bpFcswx4B/kwqYouHp704vwklIuMIMSWlbZqzcFAlFMSNZ2UkkiREeoj6xc8pRSKSbjh/K4G6u9GAQiby4gmP160SKQilHoZ93FufLn14h/ubZiQpO3JTyOFGE48miIGFQRbBIB/aoIFixUU4QFjS/FeIBEgirPMPy/0Jo1QzLNKyrw0r9dBpHCWyDHbAPLHAM6uACNEATYHAHHsATeNbutUftRXudtM5o05kt8A3a2ycPiZvt</latexit>

RK [1, 6]GeV2
<latexit sha1_base64="xVVbEWOvhZWv6BAgH4dImP1LGxg=">AAACCnicjVBNS8NAEN3Ur1q/oh69rBbBQylJEfVY9KDgpYpthSSGzXbTLt3dhN2NUELOXvwrXjwo4tVf4M1/Y9L2oKLgg4HHezPMzAtiRpW2rA+jNDM7N79QXqwsLa+srpnrGx0VJRKTNo5YJK8DpAijgrQ11Yxcx5IgHjDSDYYnhd+9JVLRSFzpUUw8jvqChhQjnUu+ue1ypAcYsfQy89PzzLFrB55bS13J4SnpZDcN36zadWsM+Depgilavvnu9iKccCI0Zkgpx7Zi7aVIaooZySpuokiM8BD1iZNTgThRXjp+JYO7udKDYSTzEhqO1a8TKeJKjXiQdxaHq59eIf7mOYkOj7yUijjRRODJojBhUEewyAX2qCRYs1FOEJY0vxXiAZII6zy9yv9C6DTqtlW3L/arzeNpHGWwBXbAHrDBIWiCM9ACbYDBHXgAT+DZuDcejRfjddJaMqYzm+AbjLdPDdmZ0g==</latexit><latexit sha1_base64="xVVbEWOvhZWv6BAgH4dImP1LGxg=">AAACCnicjVBNS8NAEN3Ur1q/oh69rBbBQylJEfVY9KDgpYpthSSGzXbTLt3dhN2NUELOXvwrXjwo4tVf4M1/Y9L2oKLgg4HHezPMzAtiRpW2rA+jNDM7N79QXqwsLa+srpnrGx0VJRKTNo5YJK8DpAijgrQ11Yxcx5IgHjDSDYYnhd+9JVLRSFzpUUw8jvqChhQjnUu+ue1ypAcYsfQy89PzzLFrB55bS13J4SnpZDcN36zadWsM+Depgilavvnu9iKccCI0Zkgpx7Zi7aVIaooZySpuokiM8BD1iZNTgThRXjp+JYO7udKDYSTzEhqO1a8TKeJKjXiQdxaHq59eIf7mOYkOj7yUijjRRODJojBhUEewyAX2qCRYs1FOEJY0vxXiAZII6zy9yv9C6DTqtlW3L/arzeNpHGWwBXbAHrDBIWiCM9ACbYDBHXgAT+DZuDcejRfjddJaMqYzm+AbjLdPDdmZ0g==</latexit><latexit sha1_base64="xVVbEWOvhZWv6BAgH4dImP1LGxg=">AAACCnicjVBNS8NAEN3Ur1q/oh69rBbBQylJEfVY9KDgpYpthSSGzXbTLt3dhN2NUELOXvwrXjwo4tVf4M1/Y9L2oKLgg4HHezPMzAtiRpW2rA+jNDM7N79QXqwsLa+srpnrGx0VJRKTNo5YJK8DpAijgrQ11Yxcx5IgHjDSDYYnhd+9JVLRSFzpUUw8jvqChhQjnUu+ue1ypAcYsfQy89PzzLFrB55bS13J4SnpZDcN36zadWsM+Depgilavvnu9iKccCI0Zkgpx7Zi7aVIaooZySpuokiM8BD1iZNTgThRXjp+JYO7udKDYSTzEhqO1a8TKeJKjXiQdxaHq59eIf7mOYkOj7yUijjRRODJojBhUEewyAX2qCRYs1FOEJY0vxXiAZII6zy9yv9C6DTqtlW3L/arzeNpHGWwBXbAHrDBIWiCM9ACbYDBHXgAT+DZuDcejRfjddJaMqYzm+AbjLdPDdmZ0g==</latexit><latexit sha1_base64="xVVbEWOvhZWv6BAgH4dImP1LGxg=">AAACCnicjVBNS8NAEN3Ur1q/oh69rBbBQylJEfVY9KDgpYpthSSGzXbTLt3dhN2NUELOXvwrXjwo4tVf4M1/Y9L2oKLgg4HHezPMzAtiRpW2rA+jNDM7N79QXqwsLa+srpnrGx0VJRKTNo5YJK8DpAijgrQ11Yxcx5IgHjDSDYYnhd+9JVLRSFzpUUw8jvqChhQjnUu+ue1ypAcYsfQy89PzzLFrB55bS13J4SnpZDcN36zadWsM+Depgilavvnu9iKccCI0Zkgpx7Zi7aVIaooZySpuokiM8BD1iZNTgThRXjp+JYO7udKDYSTzEhqO1a8TKeJKjXiQdxaHq59eIf7mOYkOj7yUijjRRODJojBhUEewyAX2qCRYs1FOEJY0vxXiAZII6zy9yv9C6DTqtlW3L/arzeNpHGWwBXbAHrDBIWiCM9ACbYDBHXgAT+DZuDcejRfjddJaMqYzm+AbjLdPDdmZ0g==</latexit>

LHCb-PAPER-2021-004 
(Run 1 and Run 2 data)

Who ordered that? —I.I. Rabi



Interpreting Results — a Flow Chart
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Summary of Low-Energy/High-Mass Searches

LHCb has made many of the most precise measurements ever of reaction rates and CP 
asymmetries involving b and c quarks — and explored a lot of what was terra incognita. For 
the most part, the O(1—100 TeV) scale looks very SM-like.

The optimist regards the future as uncertain. —Eugene Wigner

An intriguing exception is b→sµµ penguin decays, which suggest nature may posses new 
(possibly lepton-flavor non-universal) interactions — though we need more data to be sure.

1

1

1

Precise determination of the low-energy effective Hamiltonian of nature provides sensitivity to 
new physics at higher mass scales (shorter distances) than can be accessed directly.

+
<latexit sha1_base64="ha7JXGgNx4eTDg9dJW/lrTUegmU=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBAEIeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h7e0vLK6tl7YKG5ube/slvb2m0ZlmmGDKaF0O6IGBZfYsNwKbKcaaRIJbEWj66nfukdtuJK3dpximNCB5DFn1DqpftorlYOKPwP5m5RhgVqv9N7tK5YlKC0T1JhO4Kc2zKm2nAmcFLuZwZSyER1gx1FJEzRhPjt0Qo6d0iex0q6kJTP160ROE2PGSeQ6E2qH5qc3FX/zOpmNL8OcyzSzKNl8UZwJYhWZfk36XCOzYuwIZZq7WwkbUk2ZddkU/xdC86wS+JWgfl6uXi3iKMAhHMEJBHABVbiBGjSAAcIDPMGzd+c9ei/e67x1yVvMHMA3eG+fdeqMsg==</latexit><latexit sha1_base64="ha7JXGgNx4eTDg9dJW/lrTUegmU=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBAEIeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h7e0vLK6tl7YKG5ube/slvb2m0ZlmmGDKaF0O6IGBZfYsNwKbKcaaRIJbEWj66nfukdtuJK3dpximNCB5DFn1DqpftorlYOKPwP5m5RhgVqv9N7tK5YlKC0T1JhO4Kc2zKm2nAmcFLuZwZSyER1gx1FJEzRhPjt0Qo6d0iex0q6kJTP160ROE2PGSeQ6E2qH5qc3FX/zOpmNL8OcyzSzKNl8UZwJYhWZfk36XCOzYuwIZZq7WwkbUk2ZddkU/xdC86wS+JWgfl6uXi3iKMAhHMEJBHABVbiBGjSAAcIDPMGzd+c9ei/e67x1yVvMHMA3eG+fdeqMsg==</latexit><latexit sha1_base64="ha7JXGgNx4eTDg9dJW/lrTUegmU=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBAEIeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h7e0vLK6tl7YKG5ube/slvb2m0ZlmmGDKaF0O6IGBZfYsNwKbKcaaRIJbEWj66nfukdtuJK3dpximNCB5DFn1DqpftorlYOKPwP5m5RhgVqv9N7tK5YlKC0T1JhO4Kc2zKm2nAmcFLuZwZSyER1gx1FJEzRhPjt0Qo6d0iex0q6kJTP160ROE2PGSeQ6E2qH5qc3FX/zOpmNL8OcyzSzKNl8UZwJYhWZfk36XCOzYuwIZZq7WwkbUk2ZddkU/xdC86wS+JWgfl6uXi3iKMAhHMEJBHABVbiBGjSAAcIDPMGzd+c9ei/e67x1yVvMHMA3eG+fdeqMsg==</latexit><latexit sha1_base64="ha7JXGgNx4eTDg9dJW/lrTUegmU=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBAEIeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h7e0vLK6tl7YKG5ube/slvb2m0ZlmmGDKaF0O6IGBZfYsNwKbKcaaRIJbEWj66nfukdtuJK3dpximNCB5DFn1DqpftorlYOKPwP5m5RhgVqv9N7tK5YlKC0T1JhO4Kc2zKm2nAmcFLuZwZSyER1gx1FJEzRhPjt0Qo6d0iex0q6kJTP160ROE2PGSeQ6E2qH5qc3FX/zOpmNL8OcyzSzKNl8UZwJYhWZfk36XCOzYuwIZZq7WwkbUk2ZddkU/xdC86wS+JWgfl6uXi3iKMAhHMEJBHABVbiBGjSAAcIDPMGzd+c9ei/e67x1yVvMHMA3eG+fdeqMsg==</latexit>

+ . . .
<latexit sha1_base64="WtpAg5JAhVslaL9GI777ByUytW4=">AAAB73icjVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYB6QLGF2dpIMmZ1ZZ3qFsOQnvHhQxKu/482/cfI4qChY0FBUddPdFaVSWPT9D6+wtLyyulZcL21sbm3vlHf3mlZnhvEG01KbdkQtl0LxBgqUvJ0aTpNI8lY0upr6rXturNDqFscpDxM6UKIvGEUntU9IV8Yaba9cCar+DORvUoEF6r3yezfWLEu4QiaptZ3ATzHMqUHBJJ+UupnlKWUjOuAdRxVNuA3z2b0TcuSUmPS1caWQzNSvEzlNrB0nketMKA7tT28q/uZ1MuxfhLlQaYZcsfmifiYJajJ9nsTCcIZy7AhlRrhbCRtSQxm6iEr/C6F5Wg38anBzVqldLuIowgEcwjEEcA41uIY6NICBhAd4gmfvznv0XrzXeWvBW8zswzd4b59+Co+a</latexit><latexit sha1_base64="WtpAg5JAhVslaL9GI777ByUytW4=">AAAB73icjVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYB6QLGF2dpIMmZ1ZZ3qFsOQnvHhQxKu/482/cfI4qChY0FBUddPdFaVSWPT9D6+wtLyyulZcL21sbm3vlHf3mlZnhvEG01KbdkQtl0LxBgqUvJ0aTpNI8lY0upr6rXturNDqFscpDxM6UKIvGEUntU9IV8Yaba9cCar+DORvUoEF6r3yezfWLEu4QiaptZ3ATzHMqUHBJJ+UupnlKWUjOuAdRxVNuA3z2b0TcuSUmPS1caWQzNSvEzlNrB0nketMKA7tT28q/uZ1MuxfhLlQaYZcsfmifiYJajJ9nsTCcIZy7AhlRrhbCRtSQxm6iEr/C6F5Wg38anBzVqldLuIowgEcwjEEcA41uIY6NICBhAd4gmfvznv0XrzXeWvBW8zswzd4b59+Co+a</latexit><latexit sha1_base64="WtpAg5JAhVslaL9GI777ByUytW4=">AAAB73icjVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYB6QLGF2dpIMmZ1ZZ3qFsOQnvHhQxKu/482/cfI4qChY0FBUddPdFaVSWPT9D6+wtLyyulZcL21sbm3vlHf3mlZnhvEG01KbdkQtl0LxBgqUvJ0aTpNI8lY0upr6rXturNDqFscpDxM6UKIvGEUntU9IV8Yaba9cCar+DORvUoEF6r3yezfWLEu4QiaptZ3ATzHMqUHBJJ+UupnlKWUjOuAdRxVNuA3z2b0TcuSUmPS1caWQzNSvEzlNrB0nketMKA7tT28q/uZ1MuxfhLlQaYZcsfmifiYJajJ9nsTCcIZy7AhlRrhbCRtSQxm6iEr/C6F5Wg38anBzVqldLuIowgEcwjEEcA41uIY6NICBhAd4gmfvznv0XrzXeWvBW8zswzd4b59+Co+a</latexit><latexit sha1_base64="WtpAg5JAhVslaL9GI777ByUytW4=">AAAB73icjVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYB6QLGF2dpIMmZ1ZZ3qFsOQnvHhQxKu/482/cfI4qChY0FBUddPdFaVSWPT9D6+wtLyyulZcL21sbm3vlHf3mlZnhvEG01KbdkQtl0LxBgqUvJ0aTpNI8lY0upr6rXturNDqFscpDxM6UKIvGEUntU9IV8Yaba9cCar+DORvUoEF6r3yezfWLEu4QiaptZ3ATzHMqUHBJJ+UupnlKWUjOuAdRxVNuA3z2b0TcuSUmPS1caWQzNSvEzlNrB0nketMKA7tT28q/uZ1MuxfhLlQaYZcsfmifiYJajJ9nsTCcIZy7AhlRrhbCRtSQxm6iEr/C6F5Wg38anBzVqldLuIowgEcwjEEcA41uIY6NICBhAd4gmfvznv0XrzXeWvBW8zswzd4b59+Co+a</latexit>

+
<latexit sha1_base64="ha7JXGgNx4eTDg9dJW/lrTUegmU=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBAEIeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h7e0vLK6tl7YKG5ube/slvb2m0ZlmmGDKaF0O6IGBZfYsNwKbKcaaRIJbEWj66nfukdtuJK3dpximNCB5DFn1DqpftorlYOKPwP5m5RhgVqv9N7tK5YlKC0T1JhO4Kc2zKm2nAmcFLuZwZSyER1gx1FJEzRhPjt0Qo6d0iex0q6kJTP160ROE2PGSeQ6E2qH5qc3FX/zOpmNL8OcyzSzKNl8UZwJYhWZfk36XCOzYuwIZZq7WwkbUk2ZddkU/xdC86wS+JWgfl6uXi3iKMAhHMEJBHABVbiBGjSAAcIDPMGzd+c9ei/e67x1yVvMHMA3eG+fdeqMsg==</latexit><latexit sha1_base64="ha7JXGgNx4eTDg9dJW/lrTUegmU=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBAEIeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h7e0vLK6tl7YKG5ube/slvb2m0ZlmmGDKaF0O6IGBZfYsNwKbKcaaRIJbEWj66nfukdtuJK3dpximNCB5DFn1DqpftorlYOKPwP5m5RhgVqv9N7tK5YlKC0T1JhO4Kc2zKm2nAmcFLuZwZSyER1gx1FJEzRhPjt0Qo6d0iex0q6kJTP160ROE2PGSeQ6E2qH5qc3FX/zOpmNL8OcyzSzKNl8UZwJYhWZfk36XCOzYuwIZZq7WwkbUk2ZddkU/xdC86wS+JWgfl6uXi3iKMAhHMEJBHABVbiBGjSAAcIDPMGzd+c9ei/e67x1yVvMHMA3eG+fdeqMsg==</latexit><latexit sha1_base64="ha7JXGgNx4eTDg9dJW/lrTUegmU=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBAEIeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h7e0vLK6tl7YKG5ube/slvb2m0ZlmmGDKaF0O6IGBZfYsNwKbKcaaRIJbEWj66nfukdtuJK3dpximNCB5DFn1DqpftorlYOKPwP5m5RhgVqv9N7tK5YlKC0T1JhO4Kc2zKm2nAmcFLuZwZSyER1gx1FJEzRhPjt0Qo6d0iex0q6kJTP160ROE2PGSeQ6E2qH5qc3FX/zOpmNL8OcyzSzKNl8UZwJYhWZfk36XCOzYuwIZZq7WwkbUk2ZddkU/xdC86wS+JWgfl6uXi3iKMAhHMEJBHABVbiBGjSAAcIDPMGzd+c9ei/e67x1yVvMHMA3eG+fdeqMsg==</latexit><latexit sha1_base64="ha7JXGgNx4eTDg9dJW/lrTUegmU=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBAEIeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h7e0vLK6tl7YKG5ube/slvb2m0ZlmmGDKaF0O6IGBZfYsNwKbKcaaRIJbEWj66nfukdtuJK3dpximNCB5DFn1DqpftorlYOKPwP5m5RhgVqv9N7tK5YlKC0T1JhO4Kc2zKm2nAmcFLuZwZSyER1gx1FJEzRhPjt0Qo6d0iex0q6kJTP160ROE2PGSeQ6E2qH5qc3FX/zOpmNL8OcyzSzKNl8UZwJYhWZfk36XCOzYuwIZZq7WwkbUk2ZddkU/xdC86wS+JWgfl6uXi3iKMAhHMEJBHABVbiBGjSAAcIDPMGzd+c9ei/e67x1yVvMHMA3eG+fdeqMsg==</latexit>

high-energy / short distance interactions low-energy  
(effective) interactions

Main message: Strong constraints on TeV-scale physics beyond the SM!
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Hidden (Dark) Sectors
What if there is no connection between the SM and dark sector up to the Planck scale? 

(Hidden sectors can result from a Grand Unified Theory (GUT) of nature, and are generic in string theory constructions.)

lightest DM particle could be 
stable because it’s (dark) charged

When things are at their blackest, I say to myself “Cheer up, things could get worse.” And sure 
enough, they get worse. —Robert Asprin

A Model of Dark Particle Physics?

How rich is the dark sector of matter?
Mike Williams 9

dark
higgs?

dark
quarks?

dark
leptons?

dark
forces?

Dark
nucleons

and nuclei?
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� �0
<latexit sha1_base64="I3031P20ozT2msWi9o41XIPDuVo=">AAACBXicjVDLSsNAFJ34rPUVdamLwSK6KokIuiy6cVnBPqAJ5WYyaYfOTNKZiVBCN278FTcuFHHrP7jzb0zTIioKHhjmcM693HtPkHCmjeO8W3PzC4tLy6WV8ura+samvbXd1HGqCG2QmMeqHYCmnEnaMMxw2k4UBRFw2goGFxO/dUOVZrG8NqOE+gJ6kkWMgMmlrr3n9UAIwN5wmEL4+RXiYdeuuFWnAP6bVNAM9a795oUxSQWVhnDQuuM6ifEzUIYRTsdlL9U0ATKAHu3kVIKg2s+KK8b4IFdCHMUqf9LgQv3akYHQeiSCvFKA6euf3kT8zeukJjrzMyaT1FBJpoOilGMT40kkOGSKEsNHOQGiWL4rJn1QQEweXPl/ITSPq65Tda9OKrXzWRwltIv20RFy0SmqoUtURw1E0C26R4/oybqzHqxn62VaOmfNenbQN1ivH5rhl/s=</latexit><latexit sha1_base64="I3031P20ozT2msWi9o41XIPDuVo=">AAACBXicjVDLSsNAFJ34rPUVdamLwSK6KokIuiy6cVnBPqAJ5WYyaYfOTNKZiVBCN278FTcuFHHrP7jzb0zTIioKHhjmcM693HtPkHCmjeO8W3PzC4tLy6WV8ura+samvbXd1HGqCG2QmMeqHYCmnEnaMMxw2k4UBRFw2goGFxO/dUOVZrG8NqOE+gJ6kkWMgMmlrr3n9UAIwN5wmEL4+RXiYdeuuFWnAP6bVNAM9a795oUxSQWVhnDQuuM6ifEzUIYRTsdlL9U0ATKAHu3kVIKg2s+KK8b4IFdCHMUqf9LgQv3akYHQeiSCvFKA6euf3kT8zeukJjrzMyaT1FBJpoOilGMT40kkOGSKEsNHOQGiWL4rJn1QQEweXPl/ITSPq65Tda9OKrXzWRwltIv20RFy0SmqoUtURw1E0C26R4/oybqzHqxn62VaOmfNenbQN1ivH5rhl/s=</latexit><latexit sha1_base64="I3031P20ozT2msWi9o41XIPDuVo=">AAACBXicjVDLSsNAFJ34rPUVdamLwSK6KokIuiy6cVnBPqAJ5WYyaYfOTNKZiVBCN278FTcuFHHrP7jzb0zTIioKHhjmcM693HtPkHCmjeO8W3PzC4tLy6WV8ura+samvbXd1HGqCG2QmMeqHYCmnEnaMMxw2k4UBRFw2goGFxO/dUOVZrG8NqOE+gJ6kkWMgMmlrr3n9UAIwN5wmEL4+RXiYdeuuFWnAP6bVNAM9a795oUxSQWVhnDQuuM6ifEzUIYRTsdlL9U0ATKAHu3kVIKg2s+KK8b4IFdCHMUqf9LgQv3akYHQeiSCvFKA6euf3kT8zeukJjrzMyaT1FBJpoOilGMT40kkOGSKEsNHOQGiWL4rJn1QQEweXPl/ITSPq65Tda9OKrXzWRwltIv20RFy0SmqoUtURw1E0C26R4/oybqzHqxn62VaOmfNenbQN1ivH5rhl/s=</latexit><latexit sha1_base64="I3031P20ozT2msWi9o41XIPDuVo=">AAACBXicjVDLSsNAFJ34rPUVdamLwSK6KokIuiy6cVnBPqAJ5WYyaYfOTNKZiVBCN278FTcuFHHrP7jzb0zTIioKHhjmcM693HtPkHCmjeO8W3PzC4tLy6WV8ura+samvbXd1HGqCG2QmMeqHYCmnEnaMMxw2k4UBRFw2goGFxO/dUOVZrG8NqOE+gJ6kkWMgMmlrr3n9UAIwN5wmEL4+RXiYdeuuFWnAP6bVNAM9a795oUxSQWVhnDQuuM6ifEzUIYRTsdlL9U0ATKAHu3kVIKg2s+KK8b4IFdCHMUqf9LgQv3akYHQeiSCvFKA6euf3kT8zeukJjrzMyaT1FBJpoOilGMT40kkOGSKEsNHOQGiWL4rJn1QQEweXPl/ITSPq65Tda9OKrXzWRwltIv20RFy0SmqoUtURw1E0C26R4/oybqzHqxn62VaOmfNenbQN1ivH5rhl/s=</latexit>

↵0 = "2↵EM
<latexit sha1_base64="aLp4jzbZ0xEgg7sB3P4KrqSAuSE=">AAACEHicjZBLSwMxFIUz9VXra9Slm2CRuiozRdCNUBTBjVDBPqAzDnfStA3NZEKSKZShP8GNf8WNC0XcunTnv3H6WKgoeCBw+M69JDmh5Ewbx/mwcguLS8sr+dXC2vrG5pa9vdPQcaIIrZOYx6oVgqacCVo3zHDakopCFHLaDAfnk7w5pEqzWNyYkaR+BD3BuoyAyVBglzzgsg8lfIq9ISgqNeOxuK3gGQ9ST0X44moc2EW37EyF/zZFNFctsN+9TkySiApDOGjddh1p/BSUYYTTccFLNJVABtCj7cwKiKj20+mHxvggIx3cjVV2hMFT+nUjhUjrURRmkxGYvv6ZTeBvWTsx3RM/ZUImhgoyu6ibcGxiPGkHd5iixPBRZoAolr0Vkz4oICbrsPC/EhqVsuuU3eujYvVsXkce7aF9dIhcdIyq6BLVUB0RdIce0BN6tu6tR+vFep2N5qz5zi76JuvtE2bhnC8=</latexit><latexit sha1_base64="aLp4jzbZ0xEgg7sB3P4KrqSAuSE=">AAACEHicjZBLSwMxFIUz9VXra9Slm2CRuiozRdCNUBTBjVDBPqAzDnfStA3NZEKSKZShP8GNf8WNC0XcunTnv3H6WKgoeCBw+M69JDmh5Ewbx/mwcguLS8sr+dXC2vrG5pa9vdPQcaIIrZOYx6oVgqacCVo3zHDakopCFHLaDAfnk7w5pEqzWNyYkaR+BD3BuoyAyVBglzzgsg8lfIq9ISgqNeOxuK3gGQ9ST0X44moc2EW37EyF/zZFNFctsN+9TkySiApDOGjddh1p/BSUYYTTccFLNJVABtCj7cwKiKj20+mHxvggIx3cjVV2hMFT+nUjhUjrURRmkxGYvv6ZTeBvWTsx3RM/ZUImhgoyu6ibcGxiPGkHd5iixPBRZoAolr0Vkz4oICbrsPC/EhqVsuuU3eujYvVsXkce7aF9dIhcdIyq6BLVUB0RdIce0BN6tu6tR+vFep2N5qz5zi76JuvtE2bhnC8=</latexit><latexit sha1_base64="aLp4jzbZ0xEgg7sB3P4KrqSAuSE=">AAACEHicjZBLSwMxFIUz9VXra9Slm2CRuiozRdCNUBTBjVDBPqAzDnfStA3NZEKSKZShP8GNf8WNC0XcunTnv3H6WKgoeCBw+M69JDmh5Ewbx/mwcguLS8sr+dXC2vrG5pa9vdPQcaIIrZOYx6oVgqacCVo3zHDakopCFHLaDAfnk7w5pEqzWNyYkaR+BD3BuoyAyVBglzzgsg8lfIq9ISgqNeOxuK3gGQ9ST0X44moc2EW37EyF/zZFNFctsN+9TkySiApDOGjddh1p/BSUYYTTccFLNJVABtCj7cwKiKj20+mHxvggIx3cjVV2hMFT+nUjhUjrURRmkxGYvv6ZTeBvWTsx3RM/ZUImhgoyu6ibcGxiPGkHd5iixPBRZoAolr0Vkz4oICbrsPC/EhqVsuuU3eujYvVsXkce7aF9dIhcdIyq6BLVUB0RdIce0BN6tu6tR+vFep2N5qz5zi76JuvtE2bhnC8=</latexit><latexit sha1_base64="aLp4jzbZ0xEgg7sB3P4KrqSAuSE=">AAACEHicjZBLSwMxFIUz9VXra9Slm2CRuiozRdCNUBTBjVDBPqAzDnfStA3NZEKSKZShP8GNf8WNC0XcunTnv3H6WKgoeCBw+M69JDmh5Ewbx/mwcguLS8sr+dXC2vrG5pa9vdPQcaIIrZOYx6oVgqacCVo3zHDakopCFHLaDAfnk7w5pEqzWNyYkaR+BD3BuoyAyVBglzzgsg8lfIq9ISgqNeOxuK3gGQ9ST0X44moc2EW37EyF/zZFNFctsN+9TkySiApDOGjddh1p/BSUYYTTccFLNJVABtCj7cwKiKj20+mHxvggIx3cjVV2hMFT+nUjhUjrURRmkxGYvv6ZTeBvWTsx3RM/ZUImhgoyu6ibcGxiPGkHd5iixPBRZoAolr0Vkz4oICbrsPC/EhqVsuuU3eujYvVsXkce7aF9dIhcdIyq6BLVUB0RdIce0BN6tu6tR+vFep2N5qz5zi76JuvtE2bhnC8=</latexit>

"
<latexit sha1_base64="rld6jd05QhufWNRJJ69d1Vyob7g=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+wFpKJvtpF262Q27m0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZelHKmjed9O6WNza3tnfJuZW//4PCoenzS1jJTFFtUcqm6EdHImcCWYYZjN1VIkohjJxrfz/3OBJVmUjyZaYphQoaCxYwSY6WgNyEKU824FP1qzat7C7jrxC9IDQo0+9Wv3kDSLEFhKCdaB76XmjAnyjDKcVbpZRpTQsdkiIGlgiSow3xx8sy9sMrAjaWyJYy7UH9P5CTReppEtjMhZqRXvbn4nxdkJr4NcybSzKCgy0Vxxl0j3fn/7oAppIZPLSFUMXurS0dEEWpsShUbgr/68jppX9V9r+4/Xtcad0UcZTiDc7gEH26gAQ/QhBZQkPAMr/DmGOfFeXc+lq0lp5g5hT9wPn8Auc+Rhw==</latexit><latexit sha1_base64="rld6jd05QhufWNRJJ69d1Vyob7g=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+wFpKJvtpF262Q27m0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZelHKmjed9O6WNza3tnfJuZW//4PCoenzS1jJTFFtUcqm6EdHImcCWYYZjN1VIkohjJxrfz/3OBJVmUjyZaYphQoaCxYwSY6WgNyEKU824FP1qzat7C7jrxC9IDQo0+9Wv3kDSLEFhKCdaB76XmjAnyjDKcVbpZRpTQsdkiIGlgiSow3xx8sy9sMrAjaWyJYy7UH9P5CTReppEtjMhZqRXvbn4nxdkJr4NcybSzKCgy0Vxxl0j3fn/7oAppIZPLSFUMXurS0dEEWpsShUbgr/68jppX9V9r+4/Xtcad0UcZTiDc7gEH26gAQ/QhBZQkPAMr/DmGOfFeXc+lq0lp5g5hT9wPn8Auc+Rhw==</latexit><latexit sha1_base64="rld6jd05QhufWNRJJ69d1Vyob7g=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+wFpKJvtpF262Q27m0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZelHKmjed9O6WNza3tnfJuZW//4PCoenzS1jJTFFtUcqm6EdHImcCWYYZjN1VIkohjJxrfz/3OBJVmUjyZaYphQoaCxYwSY6WgNyEKU824FP1qzat7C7jrxC9IDQo0+9Wv3kDSLEFhKCdaB76XmjAnyjDKcVbpZRpTQsdkiIGlgiSow3xx8sy9sMrAjaWyJYy7UH9P5CTReppEtjMhZqRXvbn4nxdkJr4NcybSzKCgy0Vxxl0j3fn/7oAppIZPLSFUMXurS0dEEWpsShUbgr/68jppX9V9r+4/Xtcad0UcZTiDc7gEH26gAQ/QhBZQkPAMr/DmGOfFeXc+lq0lp5g5hT9wPn8Auc+Rhw==</latexit><latexit sha1_base64="rld6jd05QhufWNRJJ69d1Vyob7g=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+wFpKJvtpF262Q27m0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZelHKmjed9O6WNza3tnfJuZW//4PCoenzS1jJTFFtUcqm6EdHImcCWYYZjN1VIkohjJxrfz/3OBJVmUjyZaYphQoaCxYwSY6WgNyEKU824FP1qzat7C7jrxC9IDQo0+9Wv3kDSLEFhKCdaB76XmjAnyjDKcVbpZRpTQsdkiIGlgiSow3xx8sy9sMrAjaWyJYy7UH9P5CTReppEtjMhZqRXvbn4nxdkJr4NcybSzKCgy0Vxxl0j3fn/7oAppIZPLSFUMXurS0dEEWpsShUbgr/68jppX9V9r+4/Xtcad0UcZTiDc7gEH26gAQ/QhBZQkPAMr/DmGOfFeXc+lq0lp5g5hT9wPn8Auc+Rhw==</latexit>

" ⌘ h�0
|�i ⇡ O(10�5)�O(10�3)

<latexit sha1_base64="qqgEzaI5E/YTJ+Fo9C2S5T4PBi0="></latexit><latexit sha1_base64="qqgEzaI5E/YTJ+Fo9C2S5T4PBi0="></latexit><latexit sha1_base64="qqgEzaI5E/YTJ+Fo9C2S5T4PBi0="></latexit><latexit sha1_base64="qqgEzaI5E/YTJ+Fo9C2S5T4PBi0="></latexit>

As long as the sectors are connected at some scale (e.g. if they are both part of a GUT), then 
quantum mechanical mixing between the photon and dark photon is unavoidable. We can 
make it in the lab, and it can decay into SM particles that we can detect.



A’ Paradigms

mA0 > 2mDM
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DM

A’

DM

Decays invisibly into DM final states.
Decays visibly into SM final states. 
(Coupling strength affects lifetime.)

1

SM

A’

SM

εe

DM self-interactions mediated by an A’ with a mass in the 10—400 MeV range can explain 
several anomalies in small-scale structure, e.g. the core-cusp problem — let’s focus there.

This issue is very much unresolved, see Tulin & Yu [ 1705.02358] for a recent review.
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There are two possible paradigms that greatly affect the A’ phenomenology. LHCb can only 
search for visible A’ decays, so I will focus on the paradigm on the left. 
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(Visible) Dark Photon Searches
Well defined target region of mass-coupling space to search assuming a SIDM-sized cross 
section and a particle-physics-type connection between sectors up to the Planck scale.

Additional constraints: BBN requires ε > 10-10  and, if SM-DM were in thermal equilibrium in 
the early universe,  we need ε > 10-8 ; tests of Coulomb’s Law mA’ > 10-4 GeV, etc.

target region
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Existing constraints (circa 2016) left the target region largely unexplored, i.e. no laboratory 
experiment would’ve seen the dark photon if it exists. “bump hunts” on top of  

huge EM background
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Dark Photons @ LHCb
We proposed leveraging LHCb’s excellent lifetime and mass resolution—and the planned 
move to triggerless readout in Run 3 — to probe all of the unexplored dark photon space.1,2

[1] Ilten, Soreq, Thaler, MW, Xue, PRL 116 (2016) 251803—proposed inclusive search for A’→μ+μ-. 
[2] Ilten, Thaler, MW, Xue, PRD 92 (2015) 115017—proposed search using radiative charm decays and A’→e+e-.
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Dark Photons @ LHCb
Using a Run 2 data sample ~30 times smaller than expected in Run 3, we showed1,2 that our 
predictions are accurate—and achieved the first ever sensitivity using a displaced vertex. 
LHCb will be able to fully explore the A’ space in the next 5 years.  

[1] LHCb, PRL 120 (2018) 061801 
Technical support papers: LHCb, JINST 13 (2018) P06008; MW, JINST 12 (2017) P09034. 

[2] LHCb, PRL 124 (2020) 041801. 
See also model-independent searches in LHCb, JHEP 10 (2020) 156.



Higgs Portal
Strongest constraints are from beam dumps, kaon decays, b→s penguin decays @ LHCb, 
the upper limit on exotic Higgs decays from ATLAS/CMS, and heavy Higgs searches at 
ATLAS/CMS (these are O(0.1), not shown on the plot).

plot based on Evans, Gori, Shelton [1712.03974]

LHCb-PAPER-2015-036, PRL 115 (2015) 161802 [1508.04094] 
LHCb-PAPER-2016-052, PRD (2017) 071101 [1612.07818]
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See Batell, Pospelov, Ritz [0911.4938], Izaguirre, Lin, Shuve [1611.09355], Aloni, Soreq, MW [1811.03474] 
for ALP production in penguin decays. LHCb is working on these searches now.

both LHCb searches 
only use Run 1 data



CODEX-b
Large space (will be) available to add a well-shielded detector for LLPs, potentially integrated 
into the LHCb DAQ. Proximity to pp collisions would allow probing large regions of LLP 
parameter space at a rather modest cost.
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Background measurements look as expected. Looking at installing a demonstrator for Run 3, 
then the full detector for Run 4 — assuming we can get funding.

Gligorov, Knapen, Papucci, Robinson [1708.09395]
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Long Term Plans

3/fb @ 7-8 TeV

Run 1 
2010-2012

+6/fb @ 13 TeV

Run 2 
2015-2018

+15/fb @ 14 TeV

Run 3 
2022-2024

+25/fb @ 14 TeV

Run 4 
2027-2030

+100/fb @ 14 TeV

Run 5 
2032-2034

Total: 300/fb

Run(s) ??? 
2036-20??

implemented real-time 
alignment & calibration

major detector upgrades 
removal of FPGA trigger stage 
will need to process 5 TB / s 

in real time

additional detector upgrades  
(not as major as for Run 3)

a miracle occurs?

In the next 5 years, we will have a 20 x larger 
sample of b-quark decays, access to all target 
visible dark photon space, etc…

LHCb is dead. Long live LHCb!



Real-Time Analysis in Run 3
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GPU-enhanced option greatly increases our discovery potential in Run 3!
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Summary

• Precise determination of the low-energy effective Hamiltonian of nature provides sensitivity 
to new physics at higher mass scales (shorter distances) than can be accessed directly. 

• LHCb has made many of the most precise measurements ever of reaction rates and CP 
asymmetries involving b and c quarks — and explored a lot of what was terra incognita. For 
the most part, the O(1-100 TeV) scale looks very SM-like. 

• An intriguing exception is b→sµµ penguin decays, which suggest nature may posses new 
(possibly lepton-flavor non-universal) interactions — though we need more data to be sure. 

• Dark matter may have velocity-dependent self interactions. If so, there is a well defined 
target region of mass-coupling space to search for a dark photon. We showed that LHCb 
can fully explore this space in the next ~5 years  (much of it next year). 

• LHCb is undergoing a major upgrade for the next LHC run. We will increase the proton-
proton collision rate (x5), while also moving to processing every event at the software level 
(5 TB / s of data in real time). This will greatly increase our physics discovery potential.



Thanks! 
Questions?

LHCb if painted by Van Gogh according to a Deep Neural Network.
https://github.com/jcjohnson/neural-style


