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The next scale in particle physics
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… could be a time scale.
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Explore both directions.
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Heavy and hidden
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heavy new particles:  mass suppression

M � E
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hidden new particles:  coupling suppression
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<latexit sha1_base64="On7v9f6m//qkv+C4N18ON6llNcM="></latexit><latexit sha1_base64="On7v9f6m//qkv+C4N18ON6llNcM="></latexit><latexit sha1_base64="On7v9f6m//qkv+C4N18ON6llNcM="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="NEwcDdiGPsu6HKcXXvFJ+A+L4Dk="></latexit><latexit sha1_base64="NEwcDdiGPsu6HKcXXvFJ+A+L4Dk="></latexit><latexit sha1_base64="A2Vho2ehwAgx6rY5cqKM6d2WM4A="></latexit><latexit sha1_base64="On7v9f6m//qkv+C4N18ON6llNcM="></latexit><latexit sha1_base64="On7v9f6m//qkv+C4N18ON6llNcM="></latexit><latexit sha1_base64="On7v9f6m//qkv+C4N18ON6llNcM="></latexit><latexit sha1_base64="On7v9f6m//qkv+C4N18ON6llNcM="></latexit><latexit sha1_base64="On7v9f6m//qkv+C4N18ON6llNcM="></latexit><latexit sha1_base64="On7v9f6m//qkv+C4N18ON6llNcM="></latexit>

✏ ⌧ 1
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virtual effects
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Heavy new physics



Effective Field Theory
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valid up to cutoff scale µ < ⇤
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E
<latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="oqER7lMzTuBPNJ/5y1hkmlGzVCA="></latexit><latexit sha1_base64="oqER7lMzTuBPNJ/5y1hkmlGzVCA="></latexit><latexit sha1_base64="yKOySaXE3MPndSuvrJY9J/ITxoc="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit>

µ
<latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mNf5zo99zQoe+8esR0IYAdCAoG4="></latexit><latexit sha1_base64="mNf5zo99zQoe+8esR0IYAdCAoG4="></latexit><latexit sha1_base64="IFxsBHIFv8nvMZi6HsKqJxBWdmE="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit>

action in full theory: S(�) = S(�E<µ,�E>µ)
<latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="NThoxiXheUAurpL7xWMcNaRCOCg="></latexit><latexit sha1_base64="NThoxiXheUAurpL7xWMcNaRCOCg="></latexit><latexit sha1_base64="EtqYb8LXNLKB3fzxgTVdpJY/GI4="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit>

approximation of full theory at experimentally relevant scales
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approximation of full theory at experimentally relevant scales

valid up to cutoff scale µ < ⇤
<latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="vzPHXoDejbqNYw6j+ppOLpk/akg="></latexit><latexit sha1_base64="vzPHXoDejbqNYw6j+ppOLpk/akg="></latexit><latexit sha1_base64="7bMjRsKodqeh5kYdc7pmiuuj7LM="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit>

⇤
<latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="uirqkvsMDIE05YXtheL+cnqKXds="></latexit><latexit sha1_base64="uirqkvsMDIE05YXtheL+cnqKXds="></latexit><latexit sha1_base64="hxXBOGMm3W/WJ2xMoklEtFR9pZs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit><latexit sha1_base64="fWM/gqKieoPQehGTj9H6I3m+kVs="></latexit>

E
<latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="oqER7lMzTuBPNJ/5y1hkmlGzVCA="></latexit><latexit sha1_base64="oqER7lMzTuBPNJ/5y1hkmlGzVCA="></latexit><latexit sha1_base64="yKOySaXE3MPndSuvrJY9J/ITxoc="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit>

µ
<latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mNf5zo99zQoe+8esR0IYAdCAoG4="></latexit><latexit sha1_base64="mNf5zo99zQoe+8esR0IYAdCAoG4="></latexit><latexit sha1_base64="IFxsBHIFv8nvMZi6HsKqJxBWdmE="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit><latexit sha1_base64="x1wJ5bYSOID0g9NAbkdx/3x9chk="></latexit>

action in full theory:

remove high ‚frequencies‘: Sµ(�E<µ) =

Z
d4xLe↵(x)

<latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="vEC00b8IybX5Z+PO9kLalZrax0E="></latexit><latexit sha1_base64="vEC00b8IybX5Z+PO9kLalZrax0E="></latexit><latexit sha1_base64="fA//GCzglzhD3m51dC1+tCSb/is="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit>

S(�) = S(�E<µ,�E>µ)
<latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="NThoxiXheUAurpL7xWMcNaRCOCg="></latexit><latexit sha1_base64="NThoxiXheUAurpL7xWMcNaRCOCg="></latexit><latexit sha1_base64="EtqYb8LXNLKB3fzxgTVdpJY/GI4="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit>

effective Lagrangian Le↵(x) =
X

i

Ci

⇤�i
Oi(�E<µ(x))

<latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PrqaFZ8fYj66NvyS6Bwo3ZeKfPc="></latexit><latexit sha1_base64="PrqaFZ8fYj66NvyS6Bwo3ZeKfPc="></latexit><latexit sha1_base64="LV8YZhRaM4h95oo0E4U07rbbP5o="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit>
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approximation of full theory valid at experimentally relevant scales

valid up to cutoff scale µ < ⇤
<latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="vzPHXoDejbqNYw6j+ppOLpk/akg="></latexit><latexit sha1_base64="vzPHXoDejbqNYw6j+ppOLpk/akg="></latexit><latexit sha1_base64="7bMjRsKodqeh5kYdc7pmiuuj7LM="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit><latexit sha1_base64="iZkUWd3mX/jg0wK8T5ugffcynlA="></latexit>

action in full theory:

remove high ‚frequencies‘:

S(�) = S(�E<µ,�E>µ)
<latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="NThoxiXheUAurpL7xWMcNaRCOCg="></latexit><latexit sha1_base64="NThoxiXheUAurpL7xWMcNaRCOCg="></latexit><latexit sha1_base64="EtqYb8LXNLKB3fzxgTVdpJY/GI4="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit><latexit sha1_base64="MQRp0mb3OKVJVDu8Is59nO13Tjw="></latexit>

Sµ(�E<µ) =

Z
d4xLe↵(x)

<latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="vEC00b8IybX5Z+PO9kLalZrax0E="></latexit><latexit sha1_base64="vEC00b8IybX5Z+PO9kLalZrax0E="></latexit><latexit sha1_base64="fA//GCzglzhD3m51dC1+tCSb/is="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit><latexit sha1_base64="ZS+RESzDBnjoA+zPzzWTBMmRgSc="></latexit>

effective Lagrangian

Le↵ = � g2

2m2
W

Vud (ūL�
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1 Introduction

1.1 General View

The basic starting point for any serious phenomenology of weak decays of hadrons is the

effective weak Hamiltonian which has the following generic structure

Heff =
GF√

2

∑

i

V i
CKMCi(µ)Qi . (1.1)

Here GF is the Fermi constant and Qi are the relevant local operators which govern the

decays in question. The Cabibbo-Kobayashi-Maskawa factors V i
CKM [1, 2] and the Wilson

Coefficients Ci [3, 4] describe the strength with which a given operator enters the Hamiltonian.

In the simplest case of the β-decay, Heff takes the familiar form

H(β)
eff =

GF√
2

cos θc[ūγµ(1 − γ5)d ⊗ ēγµ(1 − γ5)νe] , (1.2)

where Vud has been expressed in terms of the Cabibbo angle. In this particular case the Wilson

Coefficient is equal unity and the local operator, the object between the square brackets, is

given by a product of two V −A currents. This local operator is represented by the diagram

(b) in fig. 1. Equation (1.2) represents the Fermi theory for β-decays as formulated by

W

d u

ν e

(a)

d u

ν e

(b)

Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.

Sudarshan and Marshak [5] and Feynman and Gell-Mann [6] forty years ago, except that

in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of effective Hamiltonians is very

suitable for the inclusion of new physics effects. We will discuss this issue briefly in these

lectures.
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X
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Ci
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standard model effective theory

Lf = ???

fundamental theory

LWET = LQCD+QED +
X

i
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chiral perturbation theory {⇡,K}
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Top quark: messenger between scales

t t

b
<latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="9XVdpWeVHG/6C0l2qo6vbRhok5w="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit> s

<latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="0K3pH0pZHA1XvaN3C2qi6UDNHOc="></latexit><latexit sha1_base64="0K3pH0pZHA1XvaN3C2qi6UDNHOc="></latexit><latexit sha1_base64="BfcSiZhy/d/Mz+8nEKKVyygOdFw="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit>W
<latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+vTG1+0slT+0HIS675LMFxks908="></latexit><latexit sha1_base64="+vTG1+0slT+0HIS675LMFxks908="></latexit><latexit sha1_base64="bTsg7Ccmqk69iTzdEtyOMjjp/6w="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit>

�
<latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="XKMTKfSxP08TJzSWMgpyk9lDmrY="></latexit><latexit sha1_base64="XKMTKfSxP08TJzSWMgpyk9lDmrY="></latexit><latexit sha1_base64="gzsLN6S+KraG2BkbZm32+aFqELo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit>

tb
<latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="9XVdpWeVHG/6C0l2qo6vbRhok5w="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit>

W
<latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+vTG1+0slT+0HIS675LMFxks908="></latexit><latexit sha1_base64="+vTG1+0slT+0HIS675LMFxks908="></latexit><latexit sha1_base64="bTsg7Ccmqk69iTzdEtyOMjjp/6w="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit>

q
<latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="ig/HUqWg2zcHcIhT0tSS/++FJws="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit>

q̄
<latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+hY//vHFqzh/TJ4WtxGAlZYrwac="></latexit><latexit sha1_base64="+hY//vHFqzh/TJ4WtxGAlZYrwac="></latexit><latexit sha1_base64="R6QurOaaCkCONtYF+zGZflESXu8="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit>

b
<latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="9XVdpWeVHG/6C0l2qo6vbRhok5w="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit> s

<latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="0K3pH0pZHA1XvaN3C2qi6UDNHOc="></latexit><latexit sha1_base64="0K3pH0pZHA1XvaN3C2qi6UDNHOc="></latexit><latexit sha1_base64="BfcSiZhy/d/Mz+8nEKKVyygOdFw="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit>

�
<latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="XKMTKfSxP08TJzSWMgpyk9lDmrY="></latexit><latexit sha1_base64="XKMTKfSxP08TJzSWMgpyk9lDmrY="></latexit><latexit sha1_base64="gzsLN6S+KraG2BkbZm32+aFqELo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit>

G
<latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="7mlb6oPrSb2bXDnXwKmo8Agitew="></latexit><latexit sha1_base64="7mlb6oPrSb2bXDnXwKmo8Agitew="></latexit><latexit sha1_base64="zhryw8SKFnr4hsD59QgIL38J7k0="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit>

t
<latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="dZDgqBcxa4embSsRbWdTgUyeg/A="></latexit><latexit sha1_base64="dZDgqBcxa4embSsRbWdTgUyeg/A="></latexit><latexit sha1_base64="npOFmjGCxCG6dFr32rzs4BR5eQk="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit>

t̄
<latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="4fgJy4JaB9Y2Zr2Rxo7fAvlvdic="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit>

tb
<latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="9XVdpWeVHG/6C0l2qo6vbRhok5w="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit>

W
<latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+vTG1+0slT+0HIS675LMFxks908="></latexit><latexit sha1_base64="+vTG1+0slT+0HIS675LMFxks908="></latexit><latexit sha1_base64="bTsg7Ccmqk69iTzdEtyOMjjp/6w="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit>

G
<latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="7mlb6oPrSb2bXDnXwKmo8Agitew="></latexit><latexit sha1_base64="7mlb6oPrSb2bXDnXwKmo8Agitew="></latexit><latexit sha1_base64="zhryw8SKFnr4hsD59QgIL38J7k0="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit>
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Example: strongly coupling vector boson

G
<latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="7mlb6oPrSb2bXDnXwKmo8Agitew="></latexit><latexit sha1_base64="7mlb6oPrSb2bXDnXwKmo8Agitew="></latexit><latexit sha1_base64="zhryw8SKFnr4hsD59QgIL38J7k0="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit>

tR
<latexit sha1_base64="BZIf4SZtri3LfPetyvch+QSabx4="></latexit><latexit sha1_base64="BZIf4SZtri3LfPetyvch+QSabx4="></latexit><latexit sha1_base64="BZIf4SZtri3LfPetyvch+QSabx4="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="XRAehZK2X2H8lROBD8GtP0nE7u4="></latexit><latexit sha1_base64="XRAehZK2X2H8lROBD8GtP0nE7u4="></latexit><latexit sha1_base64="fh2oqQ4V5dy7EqV522u1OPfm2xU="></latexit><latexit sha1_base64="BZIf4SZtri3LfPetyvch+QSabx4="></latexit><latexit sha1_base64="BZIf4SZtri3LfPetyvch+QSabx4="></latexit><latexit sha1_base64="BZIf4SZtri3LfPetyvch+QSabx4="></latexit><latexit sha1_base64="BZIf4SZtri3LfPetyvch+QSabx4="></latexit><latexit sha1_base64="BZIf4SZtri3LfPetyvch+QSabx4="></latexit><latexit sha1_base64="BZIf4SZtri3LfPetyvch+QSabx4="></latexit>

t̄R
<latexit sha1_base64="JCLnEUZ65WpZGh/MBpFLnJh1HA4="></latexit><latexit sha1_base64="JCLnEUZ65WpZGh/MBpFLnJh1HA4="></latexit><latexit sha1_base64="JCLnEUZ65WpZGh/MBpFLnJh1HA4="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="FKBotJ2enq+pI/cNHfA+qDAOdbM="></latexit><latexit sha1_base64="FKBotJ2enq+pI/cNHfA+qDAOdbM="></latexit><latexit sha1_base64="XcmT5PkRpShFizJgU0yFXHCmvCA="></latexit><latexit sha1_base64="JCLnEUZ65WpZGh/MBpFLnJh1HA4="></latexit><latexit sha1_base64="JCLnEUZ65WpZGh/MBpFLnJh1HA4="></latexit><latexit sha1_base64="JCLnEUZ65WpZGh/MBpFLnJh1HA4="></latexit><latexit sha1_base64="JCLnEUZ65WpZGh/MBpFLnJh1HA4="></latexit><latexit sha1_base64="JCLnEUZ65WpZGh/MBpFLnJh1HA4="></latexit><latexit sha1_base64="JCLnEUZ65WpZGh/MBpFLnJh1HA4="></latexit>

G
<latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="7mlb6oPrSb2bXDnXwKmo8Agitew="></latexit><latexit sha1_base64="7mlb6oPrSb2bXDnXwKmo8Agitew="></latexit><latexit sha1_base64="zhryw8SKFnr4hsD59QgIL38J7k0="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit>

t̄L
<latexit sha1_base64="WfyBCwHCO2BZXsAkNHEbbQczWVE="></latexit><latexit sha1_base64="WfyBCwHCO2BZXsAkNHEbbQczWVE="></latexit><latexit sha1_base64="WfyBCwHCO2BZXsAkNHEbbQczWVE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="EvovzPCfWFzWuX3vUuNpfV3K5uY="></latexit><latexit sha1_base64="EvovzPCfWFzWuX3vUuNpfV3K5uY="></latexit><latexit sha1_base64="ZHiHnAfZyjMSq27oMph9LXx5Qlc="></latexit><latexit sha1_base64="WfyBCwHCO2BZXsAkNHEbbQczWVE="></latexit><latexit sha1_base64="WfyBCwHCO2BZXsAkNHEbbQczWVE="></latexit><latexit sha1_base64="WfyBCwHCO2BZXsAkNHEbbQczWVE="></latexit><latexit sha1_base64="WfyBCwHCO2BZXsAkNHEbbQczWVE="></latexit><latexit sha1_base64="WfyBCwHCO2BZXsAkNHEbbQczWVE="></latexit><latexit sha1_base64="WfyBCwHCO2BZXsAkNHEbbQczWVE="></latexit>

tL
<latexit sha1_base64="ZDoRtj3oVkXwDkhKC2/iTuaRUXU="></latexit><latexit sha1_base64="ZDoRtj3oVkXwDkhKC2/iTuaRUXU="></latexit><latexit sha1_base64="ZDoRtj3oVkXwDkhKC2/iTuaRUXU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="J8v5benl1XYCt4QdHME68m9rvx0="></latexit><latexit sha1_base64="J8v5benl1XYCt4QdHME68m9rvx0="></latexit><latexit sha1_base64="tVQrIn4i2hdlvPor1TqrBbjg/TI="></latexit><latexit sha1_base64="ZDoRtj3oVkXwDkhKC2/iTuaRUXU="></latexit><latexit sha1_base64="ZDoRtj3oVkXwDkhKC2/iTuaRUXU="></latexit><latexit sha1_base64="ZDoRtj3oVkXwDkhKC2/iTuaRUXU="></latexit><latexit sha1_base64="ZDoRtj3oVkXwDkhKC2/iTuaRUXU="></latexit><latexit sha1_base64="ZDoRtj3oVkXwDkhKC2/iTuaRUXU="></latexit><latexit sha1_base64="ZDoRtj3oVkXwDkhKC2/iTuaRUXU="></latexit>6=

<latexit sha1_base64="OE9LbQFEKMZGruTf75lgsTUSE00="></latexit><latexit sha1_base64="OE9LbQFEKMZGruTf75lgsTUSE00="></latexit><latexit sha1_base64="OE9LbQFEKMZGruTf75lgsTUSE00="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="AM6fvkoMy93bX8W3P5JTwoJliXk="></latexit><latexit sha1_base64="AM6fvkoMy93bX8W3P5JTwoJliXk="></latexit><latexit sha1_base64="hM542WRj+ZEVL5tqNQOPxaU0LnY="></latexit><latexit sha1_base64="OE9LbQFEKMZGruTf75lgsTUSE00="></latexit><latexit sha1_base64="OE9LbQFEKMZGruTf75lgsTUSE00="></latexit><latexit sha1_base64="OE9LbQFEKMZGruTf75lgsTUSE00="></latexit><latexit sha1_base64="OE9LbQFEKMZGruTf75lgsTUSE00="></latexit><latexit sha1_base64="OE9LbQFEKMZGruTf75lgsTUSE00="></latexit><latexit sha1_base64="OE9LbQFEKMZGruTf75lgsTUSE00="></latexit>

⇤ ⇠ MG :
<latexit sha1_base64="bUkI1tTRPZdOZunSqwVGOMQnQ5c="></latexit><latexit sha1_base64="bUkI1tTRPZdOZunSqwVGOMQnQ5c="></latexit><latexit sha1_base64="bUkI1tTRPZdOZunSqwVGOMQnQ5c="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="VA8YrLK81Oc5mINzo6xS3V1g7qM="></latexit><latexit sha1_base64="VA8YrLK81Oc5mINzo6xS3V1g7qM="></latexit><latexit sha1_base64="gXFzE/qXXymsT4aJCRTep2SVZDE="></latexit><latexit sha1_base64="bUkI1tTRPZdOZunSqwVGOMQnQ5c="></latexit><latexit sha1_base64="bUkI1tTRPZdOZunSqwVGOMQnQ5c="></latexit><latexit sha1_base64="bUkI1tTRPZdOZunSqwVGOMQnQ5c="></latexit><latexit sha1_base64="bUkI1tTRPZdOZunSqwVGOMQnQ5c="></latexit><latexit sha1_base64="bUkI1tTRPZdOZunSqwVGOMQnQ5c="></latexit><latexit sha1_base64="bUkI1tTRPZdOZunSqwVGOMQnQ5c="></latexit>
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tq = (t̄R�µT

A
tR)(q̄L�

µ
T

A
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<latexit sha1_base64="smrhf9Ovf4T5kX1wuwK7T8vqSe4="></latexit><latexit sha1_base64="smrhf9Ovf4T5kX1wuwK7T8vqSe4="></latexit><latexit sha1_base64="smrhf9Ovf4T5kX1wuwK7T8vqSe4="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="TG9rOEcMLIGkYXsN0hZnqPcI5N4="></latexit><latexit sha1_base64="TG9rOEcMLIGkYXsN0hZnqPcI5N4="></latexit><latexit sha1_base64="FNmdzj/UTMfPR/0Wx0KHVC2Obv0="></latexit><latexit sha1_base64="smrhf9Ovf4T5kX1wuwK7T8vqSe4="></latexit><latexit sha1_base64="smrhf9Ovf4T5kX1wuwK7T8vqSe4="></latexit><latexit sha1_base64="smrhf9Ovf4T5kX1wuwK7T8vqSe4="></latexit><latexit sha1_base64="smrhf9Ovf4T5kX1wuwK7T8vqSe4="></latexit><latexit sha1_base64="smrhf9Ovf4T5kX1wuwK7T8vqSe4="></latexit><latexit sha1_base64="smrhf9Ovf4T5kX1wuwK7T8vqSe4="></latexit>

O
1,8
Qq = (Q̄L�µT

A
QL)(q̄L�

µ
T

A
qL)

<latexit sha1_base64="WhlcerrryNMiUdlrv2Pbgseq10Y="></latexit><latexit sha1_base64="WhlcerrryNMiUdlrv2Pbgseq10Y="></latexit><latexit sha1_base64="WhlcerrryNMiUdlrv2Pbgseq10Y="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="iiH6nIQYeYhw1UqhM2OlBPjN1n8="></latexit><latexit sha1_base64="iiH6nIQYeYhw1UqhM2OlBPjN1n8="></latexit><latexit sha1_base64="+Z6CIEgVLO9hFbhOGOnBNVxapD8="></latexit><latexit sha1_base64="WhlcerrryNMiUdlrv2Pbgseq10Y="></latexit><latexit sha1_base64="WhlcerrryNMiUdlrv2Pbgseq10Y="></latexit><latexit sha1_base64="WhlcerrryNMiUdlrv2Pbgseq10Y="></latexit><latexit sha1_base64="WhlcerrryNMiUdlrv2Pbgseq10Y="></latexit><latexit sha1_base64="WhlcerrryNMiUdlrv2Pbgseq10Y="></latexit><latexit sha1_base64="WhlcerrryNMiUdlrv2Pbgseq10Y="></latexit>

O
1
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Dµ �)(Q̄L�
µ
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<latexit sha1_base64="5F/0cknS4mTpDrDCASlYkFV7APU="></latexit><latexit sha1_base64="5F/0cknS4mTpDrDCASlYkFV7APU="></latexit><latexit sha1_base64="5F/0cknS4mTpDrDCASlYkFV7APU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="k7DuKkIB2RMfPoB7O+I5F657SbI="></latexit><latexit sha1_base64="k7DuKkIB2RMfPoB7O+I5F657SbI="></latexit><latexit sha1_base64="oOE+2qCIo1nou3AMrc09g3Oze+c="></latexit><latexit sha1_base64="5F/0cknS4mTpDrDCASlYkFV7APU="></latexit><latexit sha1_base64="5F/0cknS4mTpDrDCASlYkFV7APU="></latexit><latexit sha1_base64="5F/0cknS4mTpDrDCASlYkFV7APU="></latexit><latexit sha1_base64="5F/0cknS4mTpDrDCASlYkFV7APU="></latexit><latexit sha1_base64="5F/0cknS4mTpDrDCASlYkFV7APU="></latexit><latexit sha1_base64="5F/0cknS4mTpDrDCASlYkFV7APU="></latexit>

tq
<latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="ig/HUqWg2zcHcIhT0tSS/++FJws="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit>

q̄
<latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+hY//vHFqzh/TJ4WtxGAlZYrwac="></latexit><latexit sha1_base64="+hY//vHFqzh/TJ4WtxGAlZYrwac="></latexit><latexit sha1_base64="R6QurOaaCkCONtYF+zGZflESXu8="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit>

t̄
<latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="4fgJy4JaB9Y2Zr2Rxo7fAvlvdic="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit>

tq
<latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="ig/HUqWg2zcHcIhT0tSS/++FJws="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit>

q̄
<latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+hY//vHFqzh/TJ4WtxGAlZYrwac="></latexit><latexit sha1_base64="+hY//vHFqzh/TJ4WtxGAlZYrwac="></latexit><latexit sha1_base64="R6QurOaaCkCONtYF+zGZflESXu8="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit>

t̄
<latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="4fgJy4JaB9Y2Zr2Rxo7fAvlvdic="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit>

t

t̄
<latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="4fgJy4JaB9Y2Zr2Rxo7fAvlvdic="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit>

g
<latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="xJqEi1Vn/WJ8RIe28xQXWz+BdX0="></latexit><latexit sha1_base64="xJqEi1Vn/WJ8RIe28xQXWz+BdX0="></latexit><latexit sha1_base64="/DK7LvgMF+IPuj9vtjKdZeVPRuE="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit>

g
<latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="xJqEi1Vn/WJ8RIe28xQXWz+BdX0="></latexit><latexit sha1_base64="xJqEi1Vn/WJ8RIe28xQXWz+BdX0="></latexit><latexit sha1_base64="/DK7LvgMF+IPuj9vtjKdZeVPRuE="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit>

Z
<latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mSPD2A2fSR/yQjpgzABzBVD1lvs="></latexit><latexit sha1_base64="mSPD2A2fSR/yQjpgzABzBVD1lvs="></latexit><latexit sha1_base64="LLeqGlezqGvJ/9XyP70P7TjdWeo="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit>
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<latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="4fgJy4JaB9Y2Zr2Rxo7fAvlvdic="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit>

Z
<latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mSPD2A2fSR/yQjpgzABzBVD1lvs="></latexit><latexit sha1_base64="mSPD2A2fSR/yQjpgzABzBVD1lvs="></latexit><latexit sha1_base64="LLeqGlezqGvJ/9XyP70P7TjdWeo="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit>

tt̄
<latexit sha1_base64="DFPv8Nj780kVfXlDDn14cvboyH0="></latexit><latexit sha1_base64="DFPv8Nj780kVfXlDDn14cvboyH0="></latexit><latexit sha1_base64="DFPv8Nj780kVfXlDDn14cvboyH0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="BFKsk6mSTS79aM+gKfFgLErshdc="></latexit><latexit sha1_base64="BFKsk6mSTS79aM+gKfFgLErshdc="></latexit><latexit sha1_base64="ZcPv3kSY4W0kTWtV/dxZfw2zveI="></latexit><latexit sha1_base64="DFPv8Nj780kVfXlDDn14cvboyH0="></latexit><latexit sha1_base64="DFPv8Nj780kVfXlDDn14cvboyH0="></latexit><latexit sha1_base64="DFPv8Nj780kVfXlDDn14cvboyH0="></latexit><latexit sha1_base64="DFPv8Nj780kVfXlDDn14cvboyH0="></latexit><latexit sha1_base64="DFPv8Nj780kVfXlDDn14cvboyH0="></latexit><latexit sha1_base64="DFPv8Nj780kVfXlDDn14cvboyH0="></latexit>
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<latexit sha1_base64="iUTWMkkNcz30fBwzaXdqSZBtvfM="></latexit><latexit sha1_base64="iUTWMkkNcz30fBwzaXdqSZBtvfM="></latexit><latexit sha1_base64="iUTWMkkNcz30fBwzaXdqSZBtvfM="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="kqL+cesvdGJHD99bftt9BQwRLDM="></latexit><latexit sha1_base64="kqL+cesvdGJHD99bftt9BQwRLDM="></latexit><latexit sha1_base64="QZrKYUFtsSZpixxmgAC915rICpM="></latexit><latexit sha1_base64="iUTWMkkNcz30fBwzaXdqSZBtvfM="></latexit><latexit sha1_base64="iUTWMkkNcz30fBwzaXdqSZBtvfM="></latexit><latexit sha1_base64="iUTWMkkNcz30fBwzaXdqSZBtvfM="></latexit><latexit sha1_base64="iUTWMkkNcz30fBwzaXdqSZBtvfM="></latexit><latexit sha1_base64="iUTWMkkNcz30fBwzaXdqSZBtvfM="></latexit><latexit sha1_base64="iUTWMkkNcz30fBwzaXdqSZBtvfM="></latexit>
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<latexit sha1_base64="D0k8plWGbPdEJjjSN6dgArIm734="></latexit><latexit sha1_base64="D0k8plWGbPdEJjjSN6dgArIm734="></latexit><latexit sha1_base64="D0k8plWGbPdEJjjSN6dgArIm734="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="gIPuW0HBx7pZFUzQ0vMjkNCYFQg="></latexit><latexit sha1_base64="gIPuW0HBx7pZFUzQ0vMjkNCYFQg="></latexit><latexit sha1_base64="QK6w1aBPM7GwjfTA7WF7HjfT3WE="></latexit><latexit sha1_base64="D0k8plWGbPdEJjjSN6dgArIm734="></latexit><latexit sha1_base64="D0k8plWGbPdEJjjSN6dgArIm734="></latexit><latexit sha1_base64="D0k8plWGbPdEJjjSN6dgArIm734="></latexit><latexit sha1_base64="D0k8plWGbPdEJjjSN6dgArIm734="></latexit><latexit sha1_base64="D0k8plWGbPdEJjjSN6dgArIm734="></latexit><latexit sha1_base64="D0k8plWGbPdEJjjSN6dgArIm734="></latexit>
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<latexit sha1_base64="xlp1y1q+iqvKvnoDzH0SRfThfwc="></latexit><latexit sha1_base64="xlp1y1q+iqvKvnoDzH0SRfThfwc="></latexit><latexit sha1_base64="xlp1y1q+iqvKvnoDzH0SRfThfwc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="VTCJZe3xYY0S9HhyUCjmV8M8Q94="></latexit><latexit sha1_base64="VTCJZe3xYY0S9HhyUCjmV8M8Q94="></latexit><latexit sha1_base64="TkfwG+M2IZ2sdBNF4Q+x8fbgqPw="></latexit><latexit sha1_base64="xlp1y1q+iqvKvnoDzH0SRfThfwc="></latexit><latexit sha1_base64="xlp1y1q+iqvKvnoDzH0SRfThfwc="></latexit><latexit sha1_base64="xlp1y1q+iqvKvnoDzH0SRfThfwc="></latexit><latexit sha1_base64="xlp1y1q+iqvKvnoDzH0SRfThfwc="></latexit><latexit sha1_base64="xlp1y1q+iqvKvnoDzH0SRfThfwc="></latexit><latexit sha1_base64="xlp1y1q+iqvKvnoDzH0SRfThfwc="></latexit>

E . 1TeV :
<latexit sha1_base64="dzphS8C9ud6f7ELpYSQoLu/6vwo="></latexit><latexit sha1_base64="dzphS8C9ud6f7ELpYSQoLu/6vwo="></latexit><latexit sha1_base64="dzphS8C9ud6f7ELpYSQoLu/6vwo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="vDzZGXQFQZasRpyq0Zp53s/VouY="></latexit><latexit sha1_base64="vDzZGXQFQZasRpyq0Zp53s/VouY="></latexit><latexit sha1_base64="757aY7YyXeuDSEUqcGtwMqVuej0="></latexit><latexit sha1_base64="dzphS8C9ud6f7ELpYSQoLu/6vwo="></latexit><latexit sha1_base64="dzphS8C9ud6f7ELpYSQoLu/6vwo="></latexit><latexit sha1_base64="dzphS8C9ud6f7ELpYSQoLu/6vwo="></latexit><latexit sha1_base64="dzphS8C9ud6f7ELpYSQoLu/6vwo="></latexit><latexit sha1_base64="dzphS8C9ud6f7ELpYSQoLu/6vwo="></latexit><latexit sha1_base64="dzphS8C9ud6f7ELpYSQoLu/6vwo="></latexit>

also:
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Resolving blind directions

Top-antitop asymmetries probe top chirality:

tq
<latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="ig/HUqWg2zcHcIhT0tSS/++FJws="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit>

j
<latexit sha1_base64="mqADIwVfV6rDTswE92t7Krz9tAo="></latexit><latexit sha1_base64="mqADIwVfV6rDTswE92t7Krz9tAo="></latexit><latexit sha1_base64="mqADIwVfV6rDTswE92t7Krz9tAo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="4natdXEuoIi0l48oeNr86JLj4Jc="></latexit><latexit sha1_base64="4natdXEuoIi0l48oeNr86JLj4Jc="></latexit><latexit sha1_base64="cj/G1Eq+ve/+fSUjojxCUYoQ+4Y="></latexit><latexit sha1_base64="mqADIwVfV6rDTswE92t7Krz9tAo="></latexit><latexit sha1_base64="mqADIwVfV6rDTswE92t7Krz9tAo="></latexit><latexit sha1_base64="mqADIwVfV6rDTswE92t7Krz9tAo="></latexit><latexit sha1_base64="mqADIwVfV6rDTswE92t7Krz9tAo="></latexit><latexit sha1_base64="mqADIwVfV6rDTswE92t7Krz9tAo="></latexit><latexit sha1_base64="mqADIwVfV6rDTswE92t7Krz9tAo="></latexit>
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<latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+hY//vHFqzh/TJ4WtxGAlZYrwac="></latexit><latexit sha1_base64="+hY//vHFqzh/TJ4WtxGAlZYrwac="></latexit><latexit sha1_base64="R6QurOaaCkCONtYF+zGZflESXu8="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit>
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<latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="4fgJy4JaB9Y2Zr2Rxo7fAvlvdic="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit>
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<latexit sha1_base64="Q1h16cnXapp4Fj757tNB4ytYMF8="></latexit><latexit sha1_base64="Q1h16cnXapp4Fj757tNB4ytYMF8="></latexit><latexit sha1_base64="Q1h16cnXapp4Fj757tNB4ytYMF8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="zZzdpbHrVMl1RqS9dxa3Qid4bc4="></latexit><latexit sha1_base64="zZzdpbHrVMl1RqS9dxa3Qid4bc4="></latexit><latexit sha1_base64="cxdv9wL/W7CRvYSDzmqiPwb7VhM="></latexit><latexit sha1_base64="Q1h16cnXapp4Fj757tNB4ytYMF8="></latexit><latexit sha1_base64="Q1h16cnXapp4Fj757tNB4ytYMF8="></latexit><latexit sha1_base64="Q1h16cnXapp4Fj757tNB4ytYMF8="></latexit><latexit sha1_base64="Q1h16cnXapp4Fj757tNB4ytYMF8="></latexit><latexit sha1_base64="Q1h16cnXapp4Fj757tNB4ytYMF8="></latexit><latexit sha1_base64="Q1h16cnXapp4Fj757tNB4ytYMF8="></latexit>
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<latexit sha1_base64="smrhf9Ovf4T5kX1wuwK7T8vqSe4="></latexit><latexit sha1_base64="smrhf9Ovf4T5kX1wuwK7T8vqSe4="></latexit><latexit sha1_base64="smrhf9Ovf4T5kX1wuwK7T8vqSe4="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="TG9rOEcMLIGkYXsN0hZnqPcI5N4="></latexit><latexit sha1_base64="TG9rOEcMLIGkYXsN0hZnqPcI5N4="></latexit><latexit sha1_base64="FNmdzj/UTMfPR/0Wx0KHVC2Obv0="></latexit><latexit sha1_base64="smrhf9Ovf4T5kX1wuwK7T8vqSe4="></latexit><latexit sha1_base64="smrhf9Ovf4T5kX1wuwK7T8vqSe4="></latexit><latexit sha1_base64="smrhf9Ovf4T5kX1wuwK7T8vqSe4="></latexit><latexit sha1_base64="smrhf9Ovf4T5kX1wuwK7T8vqSe4="></latexit><latexit sha1_base64="smrhf9Ovf4T5kX1wuwK7T8vqSe4="></latexit><latexit sha1_base64="smrhf9Ovf4T5kX1wuwK7T8vqSe4="></latexit>
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<latexit sha1_base64="WhlcerrryNMiUdlrv2Pbgseq10Y="></latexit><latexit sha1_base64="WhlcerrryNMiUdlrv2Pbgseq10Y="></latexit><latexit sha1_base64="WhlcerrryNMiUdlrv2Pbgseq10Y="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="iiH6nIQYeYhw1UqhM2OlBPjN1n8="></latexit><latexit sha1_base64="iiH6nIQYeYhw1UqhM2OlBPjN1n8="></latexit><latexit sha1_base64="+Z6CIEgVLO9hFbhOGOnBNVxapD8="></latexit><latexit sha1_base64="WhlcerrryNMiUdlrv2Pbgseq10Y="></latexit><latexit sha1_base64="WhlcerrryNMiUdlrv2Pbgseq10Y="></latexit><latexit sha1_base64="WhlcerrryNMiUdlrv2Pbgseq10Y="></latexit><latexit sha1_base64="WhlcerrryNMiUdlrv2Pbgseq10Y="></latexit><latexit sha1_base64="WhlcerrryNMiUdlrv2Pbgseq10Y="></latexit><latexit sha1_base64="WhlcerrryNMiUdlrv2Pbgseq10Y="></latexit>

⇠ RL
<latexit sha1_base64="9lrJVQJut/asNHu22x9tI9f5Ay8="></latexit><latexit sha1_base64="9lrJVQJut/asNHu22x9tI9f5Ay8="></latexit><latexit sha1_base64="9lrJVQJut/asNHu22x9tI9f5Ay8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="jcHSIxKbPsEvmiQspmZbkQ3cwKE="></latexit><latexit sha1_base64="jcHSIxKbPsEvmiQspmZbkQ3cwKE="></latexit><latexit sha1_base64="4O1JHrbRAzV2J4oIgjMiisSWRjw="></latexit><latexit sha1_base64="9lrJVQJut/asNHu22x9tI9f5Ay8="></latexit><latexit sha1_base64="9lrJVQJut/asNHu22x9tI9f5Ay8="></latexit><latexit sha1_base64="9lrJVQJut/asNHu22x9tI9f5Ay8="></latexit><latexit sha1_base64="9lrJVQJut/asNHu22x9tI9f5Ay8="></latexit><latexit sha1_base64="9lrJVQJut/asNHu22x9tI9f5Ay8="></latexit><latexit sha1_base64="9lrJVQJut/asNHu22x9tI9f5Ay8="></latexit>

Basan, Berta, Masetti, Vryonidou, Westhoff 2020

rapidity asymmetry A|y| (tt̄)
<latexit sha1_base64="epCsItOzcndha9xYtgeDmPwGu6o="></latexit><latexit sha1_base64="epCsItOzcndha9xYtgeDmPwGu6o="></latexit><latexit sha1_base64="epCsItOzcndha9xYtgeDmPwGu6o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="t2DKzNRuuWKAHGKTHIwelUvZsaU="></latexit><latexit sha1_base64="t2DKzNRuuWKAHGKTHIwelUvZsaU="></latexit><latexit sha1_base64="K5Hq68Y5vW75yz0czZdtV4oGrss="></latexit><latexit sha1_base64="epCsItOzcndha9xYtgeDmPwGu6o="></latexit><latexit sha1_base64="epCsItOzcndha9xYtgeDmPwGu6o="></latexit><latexit sha1_base64="epCsItOzcndha9xYtgeDmPwGu6o="></latexit><latexit sha1_base64="epCsItOzcndha9xYtgeDmPwGu6o="></latexit><latexit sha1_base64="epCsItOzcndha9xYtgeDmPwGu6o="></latexit><latexit sha1_base64="epCsItOzcndha9xYtgeDmPwGu6o="></latexit>

AE(✓j) =
�tt̄j(�E > 0)� �tt̄j(�E < 0)

�tt̄j(�E > 0) + �tt̄j(�E < 0)
<latexit sha1_base64="O2B/lFKL6N2yctlr3aQr7jXv0Y8="></latexit><latexit sha1_base64="O2B/lFKL6N2yctlr3aQr7jXv0Y8="></latexit><latexit sha1_base64="O2B/lFKL6N2yctlr3aQr7jXv0Y8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="ECII8Xzt2YM4T6FwOyqijhwH4P8="></latexit><latexit sha1_base64="ECII8Xzt2YM4T6FwOyqijhwH4P8="></latexit><latexit sha1_base64="nrg8wx6+EEnhhd6YgpcSIEUWzTk="></latexit><latexit sha1_base64="O2B/lFKL6N2yctlr3aQr7jXv0Y8="></latexit><latexit sha1_base64="O2B/lFKL6N2yctlr3aQr7jXv0Y8="></latexit><latexit sha1_base64="O2B/lFKL6N2yctlr3aQr7jXv0Y8="></latexit><latexit sha1_base64="O2B/lFKL6N2yctlr3aQr7jXv0Y8="></latexit><latexit sha1_base64="O2B/lFKL6N2yctlr3aQr7jXv0Y8="></latexit><latexit sha1_base64="O2B/lFKL6N2yctlr3aQr7jXv0Y8="></latexit>

Figure 6. Expected bounds on Wilson coe�cients from two-parameter fits of the energy asymmetry
A

opt
E in all three ✓j bins (red) and the cross section �tt̄j in the boosted regime (black) to LHC

Run-2 data. For comparison, we show existing bounds from the latest Run-2 measurement of the
rapidity asymmetry A|y| in tt̄ production [29] (blue). Solid and dashed lines mark the 68% and 95%
confidence levels for each observable. Green and yellow regions show the 68% and 95% CL limits
of a combined fit to all five observables.

asymmetry A|y| constrains the parameter space in the form of a hyperbola. This confirms

our analytic discussion from Section 3.2, where we identified a blind direction along |C1,1
Qq | =

|C
1
tq|. For the combination of energy asymmetries A

1�3
E , we do not encounter such a

– 21 –

A|y| =
�tt̄(|�y| > 0)� �tt̄(|�y| < 0)

�tt̄(|�y| > 0) + �tt̄(|�y| < 0)
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energy asymmetry AE(tt̄j)
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AE Results and SMEFT Interpretation

9

• 2.1σ excess from zero in middle, 

 most sensitive bin

• Largely statistics-dominated!

• Sensitivity to 4-quark EFT operators

• 2D limits on choice of 6 operators

• Blind directions from A|y| broken
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9 SMEFT interpretation585

The sensitivity of the energy asymmetry to new physics above a scale ⇤ is investigated in the framework of586

the Standard Model E�ective Field Theory (SMEFT). To this end, we extend the SM Lagrangian LSM by a587

series of local operators $: ,588

LSMEFT = LSM +

’
:

⇠:

⇤2 $: + . . . . (9)

The sum runs over all SM gauge invariant operators of mass dimension six. The dots indicate higher-589

dimensional operators in the SMEFT expansion, which are neglected in this analysis. We also assume ⇠%590

invariance, which implies that all Wilson coe�cients ⇠: are real. The cuto� scale of this e�ective theory591

is set to ⇤ = 1 TeV throughout the analysis.592

In the Warsaw basis [114], 15 dimension-six operators a�ect CC̄ 9 production at tree level [18]. The energy593

asymmetry is particularly sensitive to the chirality and the color charges of the involved quark fields. To594

demonstrate this sensitivity, the focus of this numerical analysis is on six selected four-quark operators595

[115]596

$
1,8
&@ = (&̄!W`)

�
&!) (@̄!W

`
)
�
@!) $

1,1
&@ = (&̄!W`&!) (@̄!W

`
@!) (10)597

$
8
CD = (C̄'W`)

�
C') (D̄'W

`
)
�
D') $

1
CD = (C̄'W`C') (D̄'W

`
D')598

$
8
C@ = (@̄!W`)

�
@!) (C̄'W

`
)
�
C') $

1
C@ = (@̄!W`@!) (C̄'W

`
C') .599

Left-handed quark doublets of the first two generations and the third generation are denoted by600

@! = (D! , 3!)
>
, (2! , B!)

>
, &! = (C! , 1!)

>
, (11)601

reflecting an assumed flavor symmetry among couplings of the first and second quark generation. These six602

operators feature di�erent chiral structures (LL, RR, LR) and color structures (singlet (1) and octet (8)), thus603

covering the relevant properties that can be tested with the energy asymmetry. Operators with right-handed604

down-type quarks 3' would lead to very similar e�ects on the energy asymmetry as those with up-type605

quarks and are therefore not included in this analysis. Up- and down-quark operators can be resolved for606

instance with CC̄/ or CC̄, observables, which are sensitive to the weak isospin of the quarks [21].607

The Wilson coe�cients in the e�ective Lagrangian from equation (9) parametrize possible e�ects of virtual608

new heavy particles in the cross section f and in asymmetry observables � according to609

f = f
SM
( +

’
:

⇠:f
:
( +

’
:;

⇠:⇠; f
:;
( , � =

f�

f(
=
f

SM
� +

Õ
: ⇠:f

:
� +

Õ
:; ⇠:⇠; f

:;
�

f
SM
( +

Õ
: ⇠:f

:
( +

Õ
:; ⇠:⇠; f

:;
(

. (12)610

The cross sections fSM
(,� denote the SM contributions, while f

:
(,� and f

:;
(,� correspond to the interference611

of a SMEFT amplitude with QCD at O(⇤�2
) and the interference of two SMEFT amplitudes at O(⇤�4

),612

respectively. For the energy asymmetry the charge-symmetric and -asymmetric cross sections are defined613

as614

f( = f
opt

(\ 9 |�⇢ > 0) + f
opt

(\ 9 |�⇢ < 0) (13)615

f� = f
opt

(\ 9 |�⇢ > 0) � f
opt

(\ 9 |�⇢ < 0) ,616

with f
opt defined as in equation (2). The SM prediction and SMEFT contributions are computed in CC̄ 9617

production at NLO and LO QCD, respectively, as described in Section 5.1. Relative to the SM predictions618
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Resolving blind directions

Jet probes new directions in EFT space:

tq
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2-2 scattering amplitude (dim. 6): Hagiwara et al. 1987

Maltoni, Mantani, Mimasu 1904.05637
m vevs; n GoldstonesM ⇠ vm
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E2�m+n

mn
V
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quadratic growth

linear growth (longitudinal mode)

helicity suppression (ffV)
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Figure 3. Contribution of OtG and O8

tu to total tt̄ rates (left) and the normalized pT distribution
of a hadronically decaying top (right). The shaded regions correspond to the 68% CL from a
simultaneous fit to the two rates and the distribution. The grey shaded regions show the contribution
from OtG (rates) and O8

tu (distribution) at order ⇤�2. The red and blue shaded regions show the
contribution from OtG and O8

tu to order ⇤�4, respectively.

Here 2mt denotes the invariant mass close to the production threshold, which dominates

in the total cross section, while mtt̄ can be much higher in di↵erential distributions. Since

the OtG�QCD interference does not feature an energy enhancement, it cancels almost

completely in normalized distributions. Kinematic distributions are therefore expected to

lead to relatively weak constraints driven by the |CtG|
2 term. In contrast, the four-quark

contribution of O8
tu features an energy enhancement already at O(⇤�2). This leads to a

good sensitivity at high energies, despite the relative suppression by the parton luminosity.

Total rates and distributions are thus complementary in probing dipole operators and

four-quark operators. Notice that in our numerical analysis we keep the full operator

contributions in the normalization of distributions.

The reach of measurements of total cross sections at 8 TeV and 13 TeV and a pT
distribution at 13 TeV is estimated for OtG and O8

tu in Fig. 3.

The upper-left panel shows the averaged cross section measurements with their com-

bined uncertainties. Similarly, the upper-right panel shows the normalized pT distribution

for the hadronically decaying top at 13 TeV from Ref [69] (see Tab. 5). The two lower

panels show the relative deviations from the SM prediction and the 68% CL limits from a

combined analysis of CtG and C8
tu to the small data set consisting of only the observables

shown in Fig. 3. The grey panels show the result from the new physics interference at order

⇤�2 for CtG in terms of the total rates and for C8
tu in terms of the kinematic distribution,

corresponding to the 68% CL ranges

CtG/⇤
2

2 [�0.19, 0.78]/TeV2 C8
tu/⇤

2
2 [�6.77,�0.57]/TeV2 . (4.3)

The limits are slightly asymmetric, because the top quarks in the normalized distribution
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Brivio, Westhoff et al. 1910.03606;  see also Englert et al. 1607.04304

• 8 four-quark operators with LL and RR chiral structure

O1,8
Qq = (Q̄�µT

AQ)(q̄i�
µTAqi) O1,1

Qq = (Q̄�µQ)(q̄i�
µqi)

O3,8
Qq = (Q̄�µT

A⌧ IQ)(q̄i�
µTA⌧ Iqi) O3,1

Qq = (Q̄�µ⌧
IQ)(q̄i�

µ⌧ Iqi)

O8
tu = (t̄�µT

At)(ūi�
µTAui) O1

tu = (t̄�µt)(ūi�
µui)

O8
td = (t̄�µTAt)(d̄i�µT

Adi) O1
td = (t̄�µt)(d̄i�µdi) ; (2.3)

• 6 four-quark operators with LR and RL chiral structure

O8
Qu = (Q̄�µTAQ)(ūi�µT

Aui) O1
Qu = (Q̄�µQ)(ūi�µui)

O8
Qd = (Q̄�µTAQ)(d̄i�µT

Adi) O1
Qd = (Q̄�µQ)(d̄i�µdi)

O8
tq = (q̄i�

µTAqi)(t̄�µT
At) O1

tq = (q̄i�
µqi)(t̄�µt) ; (2.4)

• 8 operators with two heavy quarks and bosons [40]

O1
�Q = (�† i

 !
Dµ �)(Q̄�µQ) ‡OtB = (Q̄�µ⌫t) e�Bµ⌫

O3
�Q = (�† i

 !
DI

µ �)(Q̄�µ⌧ IQ) ‡OtW = (Q̄�µ⌫t) ⌧ I e�W I
µ⌫

O�t = (�† i
 !
Dµ �)(t̄�µt) ‡ObW = (Q̄�µ⌫b) ⌧ I�W I

µ⌫

‡O�tb = (e�†iDµ�)(t̄�
µb) ‡OtG = (Q̄�µ⌫TAt) e�GA

µ⌫ . (2.5)

The di↵erent color structures of the operators will eventually lead to di↵erent color factors

in the LHC observables and di↵erent limits on the Wilson coe�cients, as we will see later.

In Appendix A, we list the relations between these operators and the operators in the

Warsaw basis [41]. Gauge invariance imposes relations between e↵ective top couplings to

gauge bosons. We define

C��Q ⌘ C1
�Q � C3

�Q CtZ ⌘ �swCtB + cwCtW (2.6)

C+
�Q ⌘ C1

�Q + C3
�Q = C��Q + 2C3

�Q CtA ⌘ cwCtB + swCtW =
1

sw

�
CtW � cwCtZ

�
,

We choose C3
�Q, C

�
�Q and CtW , CtZ as degrees of freedom in our analysis. With this choice,

C��Q and CtZ modify the tt̄Z coupling, CtW modifies the tbW vertex, while C3
�Q a↵ects

both.

The Wilson coe�cients of the operators in Eqs. (2.3), (2.4), and (2.5) define the 22

parameters in our global analysis. Further operators either do not leave visible e↵ects in

the observables we have selected (like operators with four heavy quarks) or are strongly

constrained by more sensitive observables (like the Yukawa operator at dimension six, which

is constrained by Higgs measurements). We therefore do not include them in our analysis,

but mention them whenever they are relevant.

Experimentally, we focus on observables in top pair and electroweak single top pro-

duction at the LHC. These processes are precisely predicted and measured, both at the
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Figure 1. Examples of Feynman diagrams contributing to top pair production in SMEFT at
leading order. The dots indicate possible insertions of a dimension-6 operator.

2.1 Top pair production

Hadronic top pair production involves gg ! tt̄ and qq̄ ! tt̄ partonic processes. In SMEFT,

e↵ective operators contribute to both processes, as shown in Fig. 1. At the LHC, top

pair production is dominated by incoming gluons. At leading order in QCD two operators

contribute to this rate,

‡OtG = (Q̄�µ⌫TAt) e�GA
µ⌫ and OG = fabcG

a⌫
µ Gb⇢

⌫ Gcµ
⇢ . (2.7)

However, OG is strongly constrained by multi-jet production [42, 43],

⇤p
gs|CG|

> 5.2 TeV . (2.8)

Since this sensitivity is beyond the reach of top pair production, we neglect OG in our

analysis. Unfortunately, multi-jet features which lead to this reach in jet production do

not help significantly in the top sector [43, 44].

The contribution of OtG to the partonic di↵erential cross section is given by [15]⇤
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where �tt̄ =
p

1 � 4m2
t , mt = mt/

p
s, and ct = cos ✓t with the scattering angle ✓t of the

top against one of the incoming gluons in the partonic center-of-mass (CM) frame. Due

to the large gluon luminosity, we expect a high sensitivity to OtG in inclusive top pair

production. At high energies
p
s � mt, the OtG �QCD and OtG �OtG interferences scale

as mtv/⇤2 and v2s/⇤4 relative to the QCD rate, respectively. In the collinear limit, ct ⇡ 1,

OtG contributions feature the same logarithmic enhancement as QCD. The kinematics of

OtG–QCD interference is thus similar to QCD, while squared OtG contibutions grow with

energy relative to the SM. We will discuss the impact of OtG on kinematic distributions in

detail in Sec. 4.1.

Compared to the gg ! tt̄ contribution, qq̄ scattering is suppressed by the parton

luminosities. However, the quark-antiquark luminosity is enhanced in the production of

boosted tops, where the partons carry a large fraction of the proton’s energy. In this regime,

⇤Notice that in Ref. [15] the top-gluon operator is defined as twice the OtG in Eq. (2.5).
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Figure 1. Examples of Feynman diagrams contributing to top pair production in SMEFT at
leading order. The dots indicate possible insertions of a dimension-6 operator.

2.1 Top pair production

Hadronic top pair production involves gg ! tt̄ and qq̄ ! tt̄ partonic processes. In SMEFT,

e↵ective operators contribute to both processes, as shown in Fig. 1. At the LHC, top

pair production is dominated by incoming gluons. At leading order in QCD two operators

contribute to this rate,
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top against one of the incoming gluons in the partonic center-of-mass (CM) frame. Due

to the large gluon luminosity, we expect a high sensitivity to OtG in inclusive top pair

production. At high energies
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s � mt, the OtG �QCD and OtG �OtG interferences scale

as mtv/⇤2 and v2s/⇤4 relative to the QCD rate, respectively. In the collinear limit, ct ⇡ 1,

OtG contributions feature the same logarithmic enhancement as QCD. The kinematics of

OtG–QCD interference is thus similar to QCD, while squared OtG contibutions grow with

energy relative to the SM. We will discuss the impact of OtG on kinematic distributions in

detail in Sec. 4.1.

Compared to the gg ! tt̄ contribution, qq̄ scattering is suppressed by the parton

luminosities. However, the quark-antiquark luminosity is enhanced in the production of

boosted tops, where the partons carry a large fraction of the proton’s energy. In this regime,
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Figure 14. 95% and 68% CL bounds on top operators global fits to top pair production mea-
surements (blue), single top (green) and to the full data set from Tabs. 5 and6 (red).
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Flavor-breaking: B ! Xs�, Bs ! µ+µ�, B ! K⇤µ+µ�
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Figure 2: Feynman diagrams for SMEFT-to-WET matching in b ! s transitions at one-

loop level. On the left we show possible two-quark operator insertions (circles) in a tW

loop (a) and a sZ or bZ loop (b). Here X is either an on-shell photon or gluon (C7, C8),

or an o↵-shell photon or Z boson coupling to a muon pair (C9, C10). On the right we

show possible four-quark operator insertions. The two circles specify the quark currents.

Contributions to C9 and C10 are due to F (�)
qq and F (1)

qu (c), as well as F (3)
qq (d).

a series of examples.

The SMEFT dipole operators with right-handed down quarks, OdX , match onto the

WET operators O7(0) and O8(0) at tree level and at one-loop level. Compared to the SM

contribution, e↵ects of these operators on C7 and C8 are chirally enhanced by mW /mb.

This enhancement makes C7 and C8 and in general also C70 and C80 very sensitive probes

of SMEFT dipole operators. In MFV all operator contributions with right-handed

bottom quarks are suppressed by yb. This suppression lifts the chiral enhancement in the

matching relation, but still leaves a sizeable e↵ect of CdX in C7 and C8. Thanks to the

chiral enhancement, b ! s observables are sensitive to yb-suppressed flavor structures at

tree level, unlike top observables, where no such enhancement occurs. E↵ects of CdX in

C70 and C80 in MFV are suppressed by ys, and we neglect them in our analysis. In Tab. 10

in App. B, we list all SMEFT-to-WET matching relations with a non-trivial dependence

on the quark masses and Yukawa couplings.

Operators with right-handed up-type quarks only appear in the SMEFT-to-WET matching

at the one-loop level.

Operators with left-handed quarks, O(1)
�q and O(3)

�q , match onto O9 and O10 at tree level and

onto O7�10 at one-loop level. The corresponding Wilson coe�cients modify the neutral

and charged weak currents with left-handed quarks as
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loop level. On the left we show possible two-quark operator insertions (circles) in a tW
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or an o↵-shell photon or Z boson coupling to a muon pair (C9, C10). On the right we

show possible four-quark operator insertions. The two circles specify the quark currents.

Contributions to C9 and C10 are due to F (�)
qq and F (1)

qu (c), as well as F (3)
qq (d).
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<latexit sha1_base64="ZYiJLOk28SJIUvWrl4SgCz5DVig="></latexit><latexit sha1_base64="ZYiJLOk28SJIUvWrl4SgCz5DVig="></latexit><latexit sha1_base64="ZYiJLOk28SJIUvWrl4SgCz5DVig="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+BYrlxDwaSsEL4ilh+LQHoC8bG8="></latexit><latexit sha1_base64="+BYrlxDwaSsEL4ilh+LQHoC8bG8="></latexit><latexit sha1_base64="yMtPlPYTcERfyuteSzmttW/nRD4="></latexit><latexit sha1_base64="ZYiJLOk28SJIUvWrl4SgCz5DVig="></latexit><latexit sha1_base64="ZYiJLOk28SJIUvWrl4SgCz5DVig="></latexit><latexit sha1_base64="ZYiJLOk28SJIUvWrl4SgCz5DVig="></latexit><latexit sha1_base64="ZYiJLOk28SJIUvWrl4SgCz5DVig="></latexit><latexit sha1_base64="ZYiJLOk28SJIUvWrl4SgCz5DVig="></latexit><latexit sha1_base64="ZYiJLOk28SJIUvWrl4SgCz5DVig="></latexit>

LWET = LQCD + LQED +
X

a

CaOa + . . .
<latexit sha1_base64="fUNqRI60ojU7H/VSg+QAyYe6ttw="></latexit><latexit sha1_base64="fUNqRI60ojU7H/VSg+QAyYe6ttw="></latexit><latexit sha1_base64="fUNqRI60ojU7H/VSg+QAyYe6ttw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="aZa5EzXcY3byHDvetppoHLPOAjg="></latexit><latexit sha1_base64="aZa5EzXcY3byHDvetppoHLPOAjg="></latexit><latexit sha1_base64="1a1dN4/AyrXqDFIsG6Kk9G4GsyY="></latexit><latexit sha1_base64="fUNqRI60ojU7H/VSg+QAyYe6ttw="></latexit><latexit sha1_base64="fUNqRI60ojU7H/VSg+QAyYe6ttw="></latexit><latexit sha1_base64="fUNqRI60ojU7H/VSg+QAyYe6ttw="></latexit><latexit sha1_base64="fUNqRI60ojU7H/VSg+QAyYe6ttw="></latexit><latexit sha1_base64="fUNqRI60ojU7H/VSg+QAyYe6ttw="></latexit><latexit sha1_base64="fUNqRI60ojU7H/VSg+QAyYe6ttw="></latexit>

Ca(mb) = F (Ci(mt))
<latexit sha1_base64="aG7uVD1aKsUr28zpcJKkgEth7zM="></latexit><latexit sha1_base64="aG7uVD1aKsUr28zpcJKkgEth7zM="></latexit><latexit sha1_base64="aG7uVD1aKsUr28zpcJKkgEth7zM="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="1/vY8b5QSmuc1w575D3W3EFz8MM="></latexit><latexit sha1_base64="1/vY8b5QSmuc1w575D3W3EFz8MM="></latexit><latexit sha1_base64="b3lTSWX2iC9uSgcZd5XD6zKKX0g="></latexit><latexit sha1_base64="aG7uVD1aKsUr28zpcJKkgEth7zM="></latexit><latexit sha1_base64="aG7uVD1aKsUr28zpcJKkgEth7zM="></latexit><latexit sha1_base64="aG7uVD1aKsUr28zpcJKkgEth7zM="></latexit><latexit sha1_base64="aG7uVD1aKsUr28zpcJKkgEth7zM="></latexit><latexit sha1_base64="aG7uVD1aKsUr28zpcJKkgEth7zM="></latexit><latexit sha1_base64="aG7uVD1aKsUr28zpcJKkgEth7zM="></latexit>

1 GeV

100 GeV

⇤
<latexit sha1_base64="8fQ5aMpceKhM5JUYmrTY1BtOtc0="></latexit><latexit sha1_base64="8fQ5aMpceKhM5JUYmrTY1BtOtc0="></latexit><latexit sha1_base64="8fQ5aMpceKhM5JUYmrTY1BtOtc0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="uirqkvsMDIE05YXtheL+cnqKXds="></latexit><latexit sha1_base64="uirqkvsMDIE05YXtheL+cnqKXds="></latexit><latexit sha1_base64="Zor6Mqjo3D9nQx2oajMKtj6C9H0="></latexit><latexit sha1_base64="8fQ5aMpceKhM5JUYmrTY1BtOtc0="></latexit><latexit sha1_base64="8fQ5aMpceKhM5JUYmrTY1BtOtc0="></latexit><latexit sha1_base64="8fQ5aMpceKhM5JUYmrTY1BtOtc0="></latexit><latexit sha1_base64="8fQ5aMpceKhM5JUYmrTY1BtOtc0="></latexit><latexit sha1_base64="8fQ5aMpceKhM5JUYmrTY1BtOtc0="></latexit><latexit sha1_base64="8fQ5aMpceKhM5JUYmrTY1BtOtc0="></latexit>

tb
<latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="9XVdpWeVHG/6C0l2qo6vbRhok5w="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit>

W
<latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+vTG1+0slT+0HIS675LMFxks908="></latexit><latexit sha1_base64="+vTG1+0slT+0HIS675LMFxks908="></latexit><latexit sha1_base64="bTsg7Ccmqk69iTzdEtyOMjjp/6w="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit>

q
<latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="ig/HUqWg2zcHcIhT0tSS/++FJws="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit>

q̄
<latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+hY//vHFqzh/TJ4WtxGAlZYrwac="></latexit><latexit sha1_base64="+hY//vHFqzh/TJ4WtxGAlZYrwac="></latexit><latexit sha1_base64="R6QurOaaCkCONtYF+zGZflESXu8="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit>

b
<latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="9XVdpWeVHG/6C0l2qo6vbRhok5w="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit> s

<latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="0K3pH0pZHA1XvaN3C2qi6UDNHOc="></latexit><latexit sha1_base64="0K3pH0pZHA1XvaN3C2qi6UDNHOc="></latexit><latexit sha1_base64="BfcSiZhy/d/Mz+8nEKKVyygOdFw="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit><latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit>

�
<latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="XKMTKfSxP08TJzSWMgpyk9lDmrY="></latexit><latexit sha1_base64="XKMTKfSxP08TJzSWMgpyk9lDmrY="></latexit><latexit sha1_base64="gzsLN6S+KraG2BkbZm32+aFqELo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit><latexit sha1_base64="Jdfwv9l1+Sbtm6YpHv21BhbEEHo="></latexit>

G
<latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="7mlb6oPrSb2bXDnXwKmo8Agitew="></latexit><latexit sha1_base64="7mlb6oPrSb2bXDnXwKmo8Agitew="></latexit><latexit sha1_base64="zhryw8SKFnr4hsD59QgIL38J7k0="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit>

t
<latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="dZDgqBcxa4embSsRbWdTgUyeg/A="></latexit><latexit sha1_base64="dZDgqBcxa4embSsRbWdTgUyeg/A="></latexit><latexit sha1_base64="npOFmjGCxCG6dFr32rzs4BR5eQk="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit>

t̄
<latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="4fgJy4JaB9Y2Zr2Rxo7fAvlvdic="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit>

flavor-sensitive

Aebischer et al. 2015 & 2017; Dekens et al. 2017 & 2019; Hurth et al. 2019



Flavor test in top and bottom observables
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O(3)
�q = (H†

 !
iDµ ⌧aH)(Q�µ⌧

aQ)
<latexit sha1_base64="gL0jAEtQTmDMlJwUw+6DdhlnTVI="></latexit><latexit sha1_base64="gL0jAEtQTmDMlJwUw+6DdhlnTVI="></latexit><latexit sha1_base64="gL0jAEtQTmDMlJwUw+6DdhlnTVI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="HLPEX632oes242Y+jwW91b7Xsl8="></latexit><latexit sha1_base64="HLPEX632oes242Y+jwW91b7Xsl8="></latexit><latexit sha1_base64="i5b2mBmR4F955JH/E3smZe3VTtE="></latexit><latexit sha1_base64="gL0jAEtQTmDMlJwUw+6DdhlnTVI="></latexit><latexit sha1_base64="gL0jAEtQTmDMlJwUw+6DdhlnTVI="></latexit><latexit sha1_base64="gL0jAEtQTmDMlJwUw+6DdhlnTVI="></latexit><latexit sha1_base64="gL0jAEtQTmDMlJwUw+6DdhlnTVI="></latexit><latexit sha1_base64="gL0jAEtQTmDMlJwUw+6DdhlnTVI="></latexit><latexit sha1_base64="gL0jAEtQTmDMlJwUw+6DdhlnTVI="></latexit>

O(1)
�q = (H†

 !
iDµH)(Q�µQ)

<latexit sha1_base64="rHXhVX00PagdFaK3D+ELe8B9Yl0="></latexit><latexit sha1_base64="rHXhVX00PagdFaK3D+ELe8B9Yl0="></latexit><latexit sha1_base64="rHXhVX00PagdFaK3D+ELe8B9Yl0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="35vTxE1t/wygV5Lp2vAZt0KFV28="></latexit><latexit sha1_base64="35vTxE1t/wygV5Lp2vAZt0KFV28="></latexit><latexit sha1_base64="gpUSED8Ln1U5JoLHEFugJeaWHSY="></latexit><latexit sha1_base64="rHXhVX00PagdFaK3D+ELe8B9Yl0="></latexit><latexit sha1_base64="rHXhVX00PagdFaK3D+ELe8B9Yl0="></latexit><latexit sha1_base64="rHXhVX00PagdFaK3D+ELe8B9Yl0="></latexit><latexit sha1_base64="rHXhVX00PagdFaK3D+ELe8B9Yl0="></latexit><latexit sha1_base64="rHXhVX00PagdFaK3D+ELe8B9Yl0="></latexit><latexit sha1_base64="rHXhVX00PagdFaK3D+ELe8B9Yl0="></latexit>

pp ! tt̄Z, tt̄W
<latexit sha1_base64="PrX0gXn6akYev9fJwNGGnmcuMKs="></latexit><latexit sha1_base64="PrX0gXn6akYev9fJwNGGnmcuMKs="></latexit><latexit sha1_base64="PrX0gXn6akYev9fJwNGGnmcuMKs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="FqGBKbuNtglO318GhU9fOTuMqvo="></latexit><latexit sha1_base64="FqGBKbuNtglO318GhU9fOTuMqvo="></latexit><latexit sha1_base64="aw6usXdcHpohWZng7l/v9YrjnDA="></latexit><latexit sha1_base64="PrX0gXn6akYev9fJwNGGnmcuMKs="></latexit><latexit sha1_base64="PrX0gXn6akYev9fJwNGGnmcuMKs="></latexit><latexit sha1_base64="PrX0gXn6akYev9fJwNGGnmcuMKs="></latexit><latexit sha1_base64="PrX0gXn6akYev9fJwNGGnmcuMKs="></latexit><latexit sha1_base64="PrX0gXn6akYev9fJwNGGnmcuMKs="></latexit><latexit sha1_base64="PrX0gXn6akYev9fJwNGGnmcuMKs="></latexit>

pp ! tt̄
<latexit sha1_base64="I9anur9xuox1Bxn/4TvisMFxEPg="></latexit><latexit sha1_base64="I9anur9xuox1Bxn/4TvisMFxEPg="></latexit><latexit sha1_base64="I9anur9xuox1Bxn/4TvisMFxEPg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="gJTClVJNwkaz0lY6VBKk6gyCX7c="></latexit><latexit sha1_base64="gJTClVJNwkaz0lY6VBKk6gyCX7c="></latexit><latexit sha1_base64="w88cGc052KKrotNPjCq3E3ZgC8I="></latexit><latexit sha1_base64="I9anur9xuox1Bxn/4TvisMFxEPg="></latexit><latexit sha1_base64="I9anur9xuox1Bxn/4TvisMFxEPg="></latexit><latexit sha1_base64="I9anur9xuox1Bxn/4TvisMFxEPg="></latexit><latexit sha1_base64="I9anur9xuox1Bxn/4TvisMFxEPg="></latexit><latexit sha1_base64="I9anur9xuox1Bxn/4TvisMFxEPg="></latexit><latexit sha1_base64="I9anur9xuox1Bxn/4TvisMFxEPg="></latexit>

pp ! tW
<latexit sha1_base64="IhEz2A4UQB+VtQWD5SE6tmMMQtI="></latexit><latexit sha1_base64="IhEz2A4UQB+VtQWD5SE6tmMMQtI="></latexit><latexit sha1_base64="IhEz2A4UQB+VtQWD5SE6tmMMQtI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mOXKjvGg17jJj+/N2Gc78hmImak="></latexit><latexit sha1_base64="mOXKjvGg17jJj+/N2Gc78hmImak="></latexit><latexit sha1_base64="b9hu7YpA2vzzkZjo3pePmvukOz0="></latexit><latexit sha1_base64="IhEz2A4UQB+VtQWD5SE6tmMMQtI="></latexit><latexit sha1_base64="IhEz2A4UQB+VtQWD5SE6tmMMQtI="></latexit><latexit sha1_base64="IhEz2A4UQB+VtQWD5SE6tmMMQtI="></latexit><latexit sha1_base64="IhEz2A4UQB+VtQWD5SE6tmMMQtI="></latexit><latexit sha1_base64="IhEz2A4UQB+VtQWD5SE6tmMMQtI="></latexit><latexit sha1_base64="IhEz2A4UQB+VtQWD5SE6tmMMQtI="></latexit>

pp ! tj, tZj
<latexit sha1_base64="Vpbg+FUSCbiaz2AenbCmJ8pfRqA="></latexit><latexit sha1_base64="Vpbg+FUSCbiaz2AenbCmJ8pfRqA="></latexit><latexit sha1_base64="Vpbg+FUSCbiaz2AenbCmJ8pfRqA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Hq+v6EGm4rs7594e7afK6BExvrs="></latexit><latexit sha1_base64="Hq+v6EGm4rs7594e7afK6BExvrs="></latexit><latexit sha1_base64="UxSd+nGeuBRPMxPH0kmDFPoOnaY="></latexit><latexit sha1_base64="Vpbg+FUSCbiaz2AenbCmJ8pfRqA="></latexit><latexit sha1_base64="Vpbg+FUSCbiaz2AenbCmJ8pfRqA="></latexit><latexit sha1_base64="Vpbg+FUSCbiaz2AenbCmJ8pfRqA="></latexit><latexit sha1_base64="Vpbg+FUSCbiaz2AenbCmJ8pfRqA="></latexit><latexit sha1_base64="Vpbg+FUSCbiaz2AenbCmJ8pfRqA="></latexit><latexit sha1_base64="Vpbg+FUSCbiaz2AenbCmJ8pfRqA="></latexit>

t ! bW
<latexit sha1_base64="3B7C1HRiMgXVFRVRKOUEljjAFXE="></latexit><latexit sha1_base64="3B7C1HRiMgXVFRVRKOUEljjAFXE="></latexit><latexit sha1_base64="3B7C1HRiMgXVFRVRKOUEljjAFXE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mg7GwLqWQHOE97QC6T18OcpjeB8="></latexit><latexit sha1_base64="mg7GwLqWQHOE97QC6T18OcpjeB8="></latexit><latexit sha1_base64="iXsfU3R8NfaDi0jjhmVgg9QkG5o="></latexit><latexit sha1_base64="3B7C1HRiMgXVFRVRKOUEljjAFXE="></latexit><latexit sha1_base64="3B7C1HRiMgXVFRVRKOUEljjAFXE="></latexit><latexit sha1_base64="3B7C1HRiMgXVFRVRKOUEljjAFXE="></latexit><latexit sha1_base64="3B7C1HRiMgXVFRVRKOUEljjAFXE="></latexit><latexit sha1_base64="3B7C1HRiMgXVFRVRKOUEljjAFXE="></latexit><latexit sha1_base64="3B7C1HRiMgXVFRVRKOUEljjAFXE="></latexit>
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<latexit sha1_base64="dumhgIeo5bU+b8G4Va+z+vOg+Z4="></latexit><latexit sha1_base64="dumhgIeo5bU+b8G4Va+z+vOg+Z4="></latexit><latexit sha1_base64="dumhgIeo5bU+b8G4Va+z+vOg+Z4="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+OH2HNrbUYm7yoLwmw8ElxFgwSA="></latexit><latexit sha1_base64="+OH2HNrbUYm7yoLwmw8ElxFgwSA="></latexit><latexit sha1_base64="k/sRZd0/hVSZM4pIvJOF4MljA7A="></latexit><latexit sha1_base64="dumhgIeo5bU+b8G4Va+z+vOg+Z4="></latexit><latexit sha1_base64="dumhgIeo5bU+b8G4Va+z+vOg+Z4="></latexit><latexit sha1_base64="dumhgIeo5bU+b8G4Va+z+vOg+Z4="></latexit><latexit sha1_base64="dumhgIeo5bU+b8G4Va+z+vOg+Z4="></latexit><latexit sha1_base64="dumhgIeo5bU+b8G4Va+z+vOg+Z4="></latexit><latexit sha1_base64="dumhgIeo5bU+b8G4Va+z+vOg+Z4="></latexit>

B(Bs ! µ+µ�)
<latexit sha1_base64="/6ikdEEJ/uJIJxi+vmaHmLhvGyI="></latexit><latexit sha1_base64="/6ikdEEJ/uJIJxi+vmaHmLhvGyI="></latexit><latexit sha1_base64="/6ikdEEJ/uJIJxi+vmaHmLhvGyI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="fS7h3W01oobFE1VnI6iCPu5ko3o="></latexit><latexit sha1_base64="VU1GO9e5PNq36CDUKDifLjdMp6k="></latexit><latexit sha1_base64="esDdbf1wcrmrhC2VbyepggxGA8I="></latexit><latexit sha1_base64="/6ikdEEJ/uJIJxi+vmaHmLhvGyI="></latexit><latexit sha1_base64="/6ikdEEJ/uJIJxi+vmaHmLhvGyI="></latexit><latexit sha1_base64="/6ikdEEJ/uJIJxi+vmaHmLhvGyI="></latexit><latexit sha1_base64="/6ikdEEJ/uJIJxi+vmaHmLhvGyI="></latexit><latexit sha1_base64="/6ikdEEJ/uJIJxi+vmaHmLhvGyI="></latexit><latexit sha1_base64="/6ikdEEJ/uJIJxi+vmaHmLhvGyI="></latexit>

B(B ! Xs�)
<latexit sha1_base64="iGmBlIGNtp1Ptkx+lCNk3mRWS80="></latexit><latexit sha1_base64="iGmBlIGNtp1Ptkx+lCNk3mRWS80="></latexit><latexit sha1_base64="iGmBlIGNtp1Ptkx+lCNk3mRWS80="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GtJ3kL8PGOQ2G3oL5DNuAvO8Ymk="></latexit><latexit sha1_base64="vNkuU9O1t26/0eyCaxe6OdJIjMY="></latexit><latexit sha1_base64="ri1ZTs5OvfGsUcer3MSS3PoXuqk="></latexit><latexit sha1_base64="iGmBlIGNtp1Ptkx+lCNk3mRWS80="></latexit><latexit sha1_base64="iGmBlIGNtp1Ptkx+lCNk3mRWS80="></latexit><latexit sha1_base64="iGmBlIGNtp1Ptkx+lCNk3mRWS80="></latexit><latexit sha1_base64="iGmBlIGNtp1Ptkx+lCNk3mRWS80="></latexit><latexit sha1_base64="iGmBlIGNtp1Ptkx+lCNk3mRWS80="></latexit><latexit sha1_base64="iGmBlIGNtp1Ptkx+lCNk3mRWS80="></latexit>

C(i)
�q = a1+ b YUY

†
U + . . .

<latexit sha1_base64="Eta1fJC0ufSfkvftWsn9pH5odSU="></latexit><latexit sha1_base64="Eta1fJC0ufSfkvftWsn9pH5odSU="></latexit><latexit sha1_base64="Eta1fJC0ufSfkvftWsn9pH5odSU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="k7cWNVmy02ootfVCnlqQiZ6NFQM="></latexit><latexit sha1_base64="k7cWNVmy02ootfVCnlqQiZ6NFQM="></latexit><latexit sha1_base64="4NosFg7sZi4kBcvt9oKOVStmKMY="></latexit><latexit sha1_base64="Eta1fJC0ufSfkvftWsn9pH5odSU="></latexit><latexit sha1_base64="Eta1fJC0ufSfkvftWsn9pH5odSU="></latexit><latexit sha1_base64="Eta1fJC0ufSfkvftWsn9pH5odSU="></latexit><latexit sha1_base64="Eta1fJC0ufSfkvftWsn9pH5odSU="></latexit><latexit sha1_base64="Eta1fJC0ufSfkvftWsn9pH5odSU="></latexit><latexit sha1_base64="Eta1fJC0ufSfkvftWsn9pH5odSU="></latexit>
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<latexit sha1_base64="fBYDRQkil+0kJgTzoEgwiCVR0+g="></latexit><latexit sha1_base64="fBYDRQkil+0kJgTzoEgwiCVR0+g="></latexit><latexit sha1_base64="fBYDRQkil+0kJgTzoEgwiCVR0+g="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="q+9LUHUmrWEtViIyTbstq9SYb+k="></latexit><latexit sha1_base64="q+9LUHUmrWEtViIyTbstq9SYb+k="></latexit><latexit sha1_base64="JxuITTT0heIrAkS2mB3MdsddnWM="></latexit><latexit sha1_base64="fBYDRQkil+0kJgTzoEgwiCVR0+g="></latexit><latexit sha1_base64="fBYDRQkil+0kJgTzoEgwiCVR0+g="></latexit><latexit sha1_base64="fBYDRQkil+0kJgTzoEgwiCVR0+g="></latexit><latexit sha1_base64="fBYDRQkil+0kJgTzoEgwiCVR0+g="></latexit><latexit sha1_base64="fBYDRQkil+0kJgTzoEgwiCVR0+g="></latexit><latexit sha1_base64="fBYDRQkil+0kJgTzoEgwiCVR0+g="></latexit>
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CHe
<latexit sha1_base64="OUD/b3D/pU2svyUfUVIjMvirbT0=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8SyCXHCOYByRJmJ51kzOzOMjMrhCX/4MWDIl79H2/+jZNkD5pY0FBUddPdFcSCa+O6305uY3Nreye/W9jbPzg8Kh6ftLRMFMMmk0KqTkA1Ch5h03AjsBMrpGEgsB1ManO//YRKcxk9mGmMfkhHER9yRo2VWrV+WsdZv1hyy+4CZJ14GSlBhka/+NUbSJaEGBkmqNZdz42Nn1JlOBM4K/QSjTFlEzrCrqURDVH76eLaGbmwyoAMpbIVGbJQf0+kNNR6Gga2M6RmrFe9ufif103M8NZPeRQnBiO2XDRMBDGSzF8nA66QGTG1hDLF7a2EjamizNiACjYEb/XlddKqlL2rcuX+ulS9y+LIwxmcwyV4cANVqEMDmsDgEZ7hFd4c6bw4787HsjXnZDOn8AfO5w9iBI79</latexit> CHD

<latexit sha1_base64="sGo8bgD1BNU4B/dKVrObGV1JGr8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT1JoR56rGA/oF1KNs22sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyG5tb2zv53cLe/sHhUfH4pK1loghtEcml6gZYU84EbRlmOO3GiuIo4LQTTOpzv/NElWZSPJhpTP0IjwQLGcHGSu36IG3czQbFklt2F0DrxMtICTI0B8Wv/lCSJKLCEI617nlubPwUK8MIp7NCP9E0xmSCR7RnqcAR1X66uHaGLqwyRKFUtoRBC/X3RIojradRYDsjbMZ61ZuL/3m9xIQ3fspEnBgqyHJRmHBkJJq/joZMUWL41BJMFLO3IjLGChNjAyrYELzVl9dJu1L2rsqV+2qpdpvFkYczOIdL8OAaatCAJrSAwCM8wyu8OdJ5cd6dj2VrzslmTuEPnM8fL9+O3A==</latexit>

CHu
<latexit sha1_base64="i53tf615CbJy6eFjjkgRhbjoda8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgp6k0EuPFewHtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmG73oK0PBh7vzTAzL4g508Z1v53CxubW9k5xt7S3f3B4VD4+6WiZKELbRHKpegHWlDNB24YZTnuxojgKOO0G08bC7z5RpZkUD2YWUz/CY8FCRrCxUqcxTJvJfFiuuFU3A1onXk4qkKM1LH8NRpIkERWGcKx133Nj46dYGUY4nZcGiaYxJlM8pn1LBY6o9tPs2jm6sMoIhVLZEgZl6u+JFEdaz6LAdkbYTPSqtxD/8/qJCW/9lIk4MVSQ5aIw4chItHgdjZiixPCZJZgoZm9FZIIVJsYGVLIheKsvr5NOrepdVWv315X6XR5HEc7gHC7BgxuoQxNa0AYCj/AMr/DmSOfFeXc+lq0FJ585hT9wPn8AelSPDQ==</latexit>

CHd
<latexit sha1_base64="1SWYvIRhPMPdE1YzGxnoAL7znIo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgp6k0EuPFewHtEvJZrNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0g408Z1v53CxubW9k5xt7S3f3B4VD4+6WiZKkLbRHKpegHWlDNB24YZTnuJojgOOO0Gk8bc7z5RpZkUD2aaUD/GI8EiRrCxUqcxzJrhbFiuuFV3AbROvJxUIEdrWP4ahJKkMRWGcKx133MT42dYGUY4nZUGqaYJJhM8on1LBY6p9rPFtTN0YZUQRVLZEgYt1N8TGY61nsaB7YyxGetVby7+5/VTE936GRNJaqggy0VRypGRaP46CpmixPCpJZgoZm9FZIwVJsYGVLIheKsvr5NOrepdVWv315X6XR5HEc7gHC7BgxuoQxNa0AYCj/AMr/DmSOfFeXc+lq0FJ585hT9wPn8AYH+O/A==</latexit>

CW
<latexit sha1_base64="KgSNc3k8orurVChqKpgTxb8BcJk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcp9OKxgmkLbSib7bZdutmE3YlQQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZFyZSGHTdb6ewsbm1vVPcLe3tHxwelY9PWiZONeM+i2WsOyE1XArFfRQoeSfRnEah5O1w0pj77SeujYjVI04THkR0pMRQMIpW8hv9rD3rlytu1V2ArBMvJxXI0eyXv3qDmKURV8gkNabruQkGGdUomOSzUi81PKFsQke8a6miETdBtjh2Ri6sMiDDWNtSSBbq74mMRsZMo9B2RhTHZtWbi/953RSHt0EmVJIiV2y5aJhKgjGZf04GQnOGcmoJZVrYWwkbU00Z2nxKNgRv9eV10qpVvatq7eG6Ur/L4yjCGZzDJXhwA3W4hyb4wEDAM7zCm6OcF+fd+Vi2Fpx85hT+wPn8Abj2jp0=</latexit>

C(1)
Hq

<latexit sha1_base64="nFm+GTpIohps2fFGYeJmcMo3JE4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkrSCnqSQi89VrAf0May2W7apZtN3N0IJeRvePGgiFf/jDf/jds2B219MPB4b4aZeV7EmdK2/W3lNja3tnfyu4W9/YPDo+LxSUeFsSS0TUIeyp6HFeVM0LZmmtNeJCkOPE673rQx97tPVCoWins9i6gb4LFgPiNYG2nQGCbNx/QhKTuX6bBYsiv2AmidOBkpQYbWsPg1GIUkDqjQhGOl+o4daTfBUjPCaVoYxIpGmEzxmPYNFTigyk0WN6fowigj5IfSlNBoof6eSHCg1CzwTGeA9UStenPxP68fa//GTZiIYk0FWS7yY450iOYBoBGTlGg+MwQTycytiEywxESbmAomBGf15XXSqVacWqV6d1Wq32Zx5OEMzqEMDlxDHZrQgjYQiOAZXuHNiq0X6936WLbmrGzmFP7A+vwBMEWRHQ==</latexit>

C(3)
Hq

<latexit sha1_base64="q8/3b6gwz0x3FyypOe55UgArQPI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkrSCnqSQi89VrAf0May2W7apZtN3N0IJeRvePGgiFf/jDf/jds2B219MPB4b4aZeV7EmdK2/W3lNja3tnfyu4W9/YPDo+LxSUeFsSS0TUIeyp6HFeVM0LZmmtNeJCkOPE673rQx97tPVCoWins9i6gb4LFgPiNYG2nQGCbNx/QhKdcu02GxZFfsBdA6cTJSggytYfFrMApJHFChCcdK9R070m6CpWaE07QwiBWNMJniMe0bKnBAlZssbk7RhVFGyA+lKaHRQv09keBAqVngmc4A64la9ebif14/1v6NmzARxZoKslzkxxzpEM0DQCMmKdF8ZggmkplbEZlgiYk2MRVMCM7qy+ukU604tUr17qpUv83iyMMZnEMZHLiGOjShBW0gEMEzvMKbFVsv1rv1sWzNWdnMKfyB9fkDM1GRHw==</latexit>

C(3)
Hl

<latexit sha1_base64="p6te76poBjycY6bA4ihW1kC8p7w=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkrSFvQkhV56rGA/oI1ls920SzebsLsRSsjf8OJBEa/+GW/+G7dtDtr6YODx3gwz87yIM6Vt+9vKbW3v7O7l9wsHh0fHJ8XTs64KY0loh4Q8lH0PK8qZoB3NNKf9SFIceJz2vFlz4feeqFQsFA96HlE3wBPBfEawNtKwOUpaPH1MyrXrdFQs2RV7CbRJnIyUIEN7VPwajkMSB1RowrFSA8eOtJtgqRnhNC0MY0UjTGZ4QgeGChxQ5SbLm1N0ZZQx8kNpSmi0VH9PJDhQah54pjPAeqrWvYX4nzeItX/rJkxEsaaCrBb5MUc6RIsA0JhJSjSfG4KJZOZWRKZYYqJNTAUTgrP+8ibpVitOrVK9r5cad1kcebiASyiDAzfQgBa0oQMEIniGV3izYuvFerc+Vq05K5s5hz+wPn8AK5qRGg==</latexit>

C(1)
Hl

<latexit sha1_base64="0GIzB/LuUp72rFGcMZE+ndD+6rQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkpSBT1JoZceK9gPaGPZbDft0s0m7G6EEvI3vHhQxKt/xpv/xk2bg7Y+GHi8N8PMPC/iTGnb/rYKG5tb2zvF3dLe/sHhUfn4pKvCWBLaISEPZd/DinImaEczzWk/khQHHqc9b9bM/N4TlYqF4kHPI+oGeCKYzwjWRho2R0mLp49J1blMR+WKXbMXQOvEyUkFcrRH5a/hOCRxQIUmHCs1cOxIuwmWmhFO09IwVjTCZIYndGCowAFVbrK4OUUXRhkjP5SmhEYL9fdEggOl5oFnOgOsp2rVy8T/vEGs/Vs3YSKKNRVkuciPOdIhygJAYyYp0XxuCCaSmVsRmWKJiTYxlUwIzurL66RbrzlXtfr9daVxl8dRhDM4hyo4cAMNaEEbOkAggmd4hTcrtl6sd+tj2Vqw8plT+APr8wcojpEY</latexit>

CHWB
<latexit sha1_base64="9HcKvhTX0QYBVMDOZ/mMivUkYpQ=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQU9S7KXHCrZbaJeSTbNtaDa7JFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXpAIro3jfKPCxubW9k5xt7S3f3B4VD4+6eg4VZS1aSxi1Q2IZoJL1jbcCNZNFCNRIJgXTBpz33tiSvNYPpppwvyIjCQPOSXGSl5jkDW9+9mgXHGqzgJ4nbg5qUCO1qD81R/GNI2YNFQQrXuukxg/I8pwKtis1E81SwidkBHrWSpJxLSfLc6d4QurDHEYK1vS4IX6eyIjkdbTKLCdETFjverNxf+8XmrCWz/jMkkNk3S5KEwFNjGe/46HXDFqxNQSQhW3t2I6JopQYxMq2RDc1ZfXSadWda+qtYfrSv0uj6MIZ3AOl+DCDdShCS1oA4UJPMMrvKEEvaB39LFsLaB85hT+AH3+ANeyjzs=</latexit>

CG
<latexit sha1_base64="vGgMoo2RPBZ4+jiUTqay8KkwOcY=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CSFHvRYwbSFtpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxIpDLrut7O2vrG5tV3YKe7u7R8clo6OmyZONeM+i2Ws2wE1XArFfRQoeTvRnEaB5K1gXJ/5rSeujYjVI04S3ovoUIlQMIpW8uv97G7aL5XdijsHWSVeTsqQo9EvfXUHMUsjrpBJakzHcxPsZVSjYJJPi93U8ISyMR3yjqWKRtz0svmxU3JulQEJY21LIZmrvycyGhkziQLbGVEcmWVvJv7ndVIMb3qZUEmKXLHFojCVBGMy+5wMhOYM5cQSyrSwtxI2opoytPkUbQje8surpFmteJeV6sNVuXabx1GAUziDC/DgGmpwDw3wgYGAZ3iFN0c5L86787FoXXPymRP4A+fzB6Cmjo0=</latexit> CuH

<latexit sha1_base64="ep0+Ysub3jdNaBUu8YAEUOkyoPg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgp6k0EuPFewHtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmG73oK0PBh7vzTAzL4g508Z1v53CxubW9k5xt7S3f3B4VD4+6WiZKELbRHKpegHWlDNB24YZTnuxojgKOO0G08bC7z5RpZkUD2YWUz/CY8FCRrCxUqcxTJPmfFiuuFU3A1onXk4qkKM1LH8NRpIkERWGcKx133Nj46dYGUY4nZcGiaYxJlM8pn1LBY6o9tPs2jm6sMoIhVLZEgZl6u+JFEdaz6LAdkbYTPSqtxD/8/qJCW/9lIk4MVSQ5aIw4chItHgdjZiixPCZJZgoZm9FZIIVJsYGVLIheKsvr5NOrepdVWv315X6XR5HEc7gHC7BgxuoQxNa0AYCj/AMr/DmSOfFeXc+lq0FJ585hT9wPn8AeoGPDQ==</latexit>

CHB
<latexit sha1_base64="urZ+bcZY/XBid5oP75DwDgCFj48=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT1JsZceK9gPaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cxubW9k5+t7C3f3B4VDw+aWuZKEJbRHKpugHWlDNBW4YZTruxojgKOO0Ek/rc7zxRpZkUD2YaUz/CI8FCRrCxUrs+SBt3s0Gx5JbdBdA68TJSggzNQfGrP5QkiagwhGOte54bGz/FyjDC6azQTzSNMZngEe1ZKnBEtZ8urp2hC6sMUSiVLWHQQv09keJI62kU2M4Im7Fe9ebif14vMeGNnzIRJ4YKslwUJhwZieavoyFTlBg+tQQTxeytiIyxwsTYgAo2BG/15XXSrpS9q3Llvlqq3WZx5OEMzuESPLiGGjSgCS0g8AjP8ApvjnRenHfnY9mac7KZU/gD5/MHLNWO2g==</latexit>

CHW
<latexit sha1_base64="Ms2/8Vyr9yrTxWvF18OKxCpB27U=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgp6k0EuPFewHtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmG73oK0PBh7vzTAzL4g508Z1v53CxubW9k5xt7S3f3B4VD4+6WiZKELbRHKpegHWlDNB24YZTnuxojgKOO0G08bC7z5RpZkUD2YWUz/CY8FCRrCxUqcxTJvd+bBccatuBrROvJxUIEdrWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7afZtXN0YZURCqWyJQzK1N8TKY60nkWB7YywmehVbyH+5/UTE976KRNxYqggy0VhwpGRaPE6GjFFieEzSzBRzN6KyAQrTIwNqGRD8FZfXiedWtW7qtburyv1uzyOIpzBOVyCBzdQhya0oA0EHuEZXuHNkc6L8+58LFsLTj5zCn/gfP4ATL6O7w==</latexit>

CH⇤
<latexit sha1_base64="aBD5rYwODOiR8HuCslz2ZBSNgYU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgp6k2EuPFeyHtEvJptk2NJssSVYsS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etbRMFKFNIrlUnQBrypmgTcMMp51YURwFnLaDcW3mtx+p0kyKezOJqR/hoWAhI9hY6aHWT+u9W/k07RdLbtmdA60SLyMlyNDoF796A0mSiApDONa667mx8VOsDCOcTgu9RNMYkzEe0q6lAkdU++n84Ck6s8oAhVLZEgbN1d8TKY60nkSB7YywGellbyb+53UTE177KRNxYqggi0VhwpGRaPY9GjBFieETSzBRzN6KyAgrTIzNqGBD8JZfXiWtStm7KFfuLkvVmyyOPJzAKZyDB1dQhTo0oAkEIniGV3hzlPPivDsfi9ack80cwx84nz+MyJA7</latexit>

CHG
<latexit sha1_base64="4JppD2oAR6Aj4CVmidfOs9anR+w=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT1JoQd7rGA/oF1KNs22sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyG5tb2zv53cLe/sHhUfH4pK1loghtEcml6gZYU84EbRlmOO3GiuIo4LQTTOpzv/NElWZSPJhpTP0IjwQLGcHGSu36IG3czQbFklt2F0DrxMtICTI0B8Wv/lCSJKLCEI617nlubPwUK8MIp7NCP9E0xmSCR7RnqcAR1X66uHaGLqwyRKFUtoRBC/X3RIojradRYDsjbMZ61ZuL/3m9xIQ3fspEnBgqyHJRmHBkJJq/joZMUWL41BJMFLO3IjLGChNjAyrYELzVl9dJu1L2rsqV+2qpdpvFkYczOIdL8OAaatCAJrSAwCM8wyu8OdJ5cd6dj2VrzslmTuEPnM8fNG6O3w==</latexit>

C(1)
lq

<latexit sha1_base64="e5VNB8tfLWKUalR21gLlu7q04vQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkpSBT1JoRePFewHtLFstpt26WYTdzdCCfkbXjwo4tU/481/46bNQVsfDDzem2FmnhdxprRtf1uFtfWNza3idmlnd2//oHx41FFhLAltk5CHsudhRTkTtK2Z5rQXSYoDj9OuN21mfveJSsVCca9nEXUDPBbMZwRrIw2aw4Q/pg9J1TlPh+WKXbPnQKvEyUkFcrSG5a/BKCRxQIUmHCvVd+xIuwmWmhFO09IgVjTCZIrHtG+owAFVbjK/OUVnRhkhP5SmhEZz9fdEggOlZoFnOgOsJ2rZy8T/vH6s/Ws3YSKKNRVksciPOdIhygJAIyYp0XxmCCaSmVsRmWCJiTYxlUwIzvLLq6RTrzkXtfrdZaVxk8dRhBM4hSo4cAUNuIUWtIFABM/wCm9WbL1Y79bHorVg5TPH8AfW5w9n9ZFB</latexit>

C(3)
lq

<latexit sha1_base64="caAZmTIB6WePAJn3i0cCJs+d0JQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkrSCnqSQi8eK9gPaGPZbDft0s0m3d0IJeRvePGgiFf/jDf/jds2B219MPB4b4aZeV7EmdK2/W3lNja3tnfyu4W9/YPDo+LxSVuFsSS0RUIeyq6HFeVM0JZmmtNuJCkOPE473qQx9ztPVCoWigc9i6gb4JFgPiNYG6nfGCR8mj4m5dplOiiW7Iq9AFonTkZKkKE5KH71hyGJAyo04VipnmNH2k2w1Ixwmhb6saIRJhM8oj1DBQ6ocpPFzSm6MMoQ+aE0JTRaqL8nEhwoNQs80xlgPVar3lz8z+vF2r9xEyaiWFNBlov8mCMdonkAaMgkJZrPDMFEMnMrImMsMdEmpoIJwVl9eZ20qxWnVqneX5Xqt1kceTiDcyiDA9dQhztoQgsIRPAMr/BmxdaL9W59LFtzVjZzCn9gff4AawGRQw==</latexit>

Clu
<latexit sha1_base64="yCGZsQ0UBwCES1zWYrOAIvthyBM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8SyMVjBBMDyRJmJ7PJmNmZZR5CWPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUcqZNr7/7RXW1jc2t4rbpZ3dvf2D8uFRW0urCG0RyaXqRFhTzgRtGWY47aSK4iTi9CEaN2b+wxNVmklxbyYpDRM8FCxmBBsntRv9jNtpv1zxq/4caJUEOalAjma//NUbSGITKgzhWOtu4KcmzLAyjHA6LfWspikmYzykXUcFTqgOs/m1U3TmlAGKpXIlDJqrvycynGg9SSLXmWAz0sveTPzP61oTX4cZE6k1VJDFothyZCSavY4GTFFi+MQRTBRztyIywgoT4wIquRCC5ZdXSbtWDS6qtbvLSv0mj6MIJ3AK5xDAFdThFprQAgKP8Ayv8OZJ78V79z4WrQUvnzmGP/A+fwCxLI8x</latexit>

Ceu
<latexit sha1_base64="OD+MdDHb5uOpJyTYTSnOaHsFXTQ=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0JMUevFYwdZCG8pmO2nXbnbD7kYoof/BiwdFvPp/vPlv3LY5aOuDgcd7M8zMCxPOtPG8b6ewtr6xuVXcLu3s7u0flA+P2lqmimKLSi5VJyQaORPYMsxw7CQKSRxyfAjHjZn/8IRKMynuzSTBICZDwSJGibFSu9HPMJ32yxWv6s3hrhI/JxXI0eyXv3oDSdMYhaGcaN31vcQEGVGGUY7TUi/VmBA6JkPsWipIjDrI5tdO3TOrDNxIKlvCuHP190RGYq0ncWg7Y2JGetmbif953dRE10HGRJIaFHSxKEq5a6Q7e90dMIXU8IklhCpmb3XpiChCjQ2oZEPwl19eJe1a1b+o1u4uK/WbPI4inMApnIMPV1CHW2hCCyg8wjO8wpsjnRfn3flYtBacfOYY/sD5/AGmgo8q</latexit>

Cqe
<latexit sha1_base64="Jf3HjerYzZq02AIdh6VARtqwzWk=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8SyMVjBPOAZAmzk04yZnZ2nZkVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuCmLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpKFMMGi0Sk2gHVKLjEhuFGYDtWSMNAYCsY12Z+6wmV5pG8N5MY/ZAOJR9wRo2VmrVe+ojTXrHklt05yCrxMlKCDPVe8avbj1gSojRMUK07nhsbP6XKcCZwWugmGmPKxnSIHUslDVH76fzaKTmzSp8MImVLGjJXf0+kNNR6Ega2M6RmpJe9mfif10nM4NpPuYwTg5ItFg0SQUxEZq+TPlfIjJhYQpni9lbCRlRRZmxABRuCt/zyKmlWyt5FuXJ3WareZHHk4QRO4Rw8uIIq3EIdGsDgAZ7hFd6cyHlx3p2PRWvOyWaO4Q+czx+geo8m</latexit>

CuG
<latexit sha1_base64="AnohwivuZNyoZTzhXzZr6fsEoUc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgp6k0IMeK9gPaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJo3M7zxRpZkUD2YaUz/CI8FCRrCxUrsxSJPb2aBccavuHGiVeDmpQI7moPzVH0qSRFQYwrHWPc+NjZ9iZRjhdFbqJ5rGmEzwiPYsFTii2k/n187QmVWGKJTKljBorv6eSHGk9TQKbGeEzVgve5n4n9dLTHjtp0zEiaGCLBaFCUdGoux1NGSKEsOnlmCimL0VkTFWmBgbUMmG4C2/vEratap3Ua3dX1bqN3kcRTiBUzgHD66gDnfQhBYQeIRneIU3RzovzrvzsWgtOPnMMfyB8/kDePyPDA==</latexit>

CuB
<latexit sha1_base64="+pRVa2ZqObci52u4sla5YqGTYqw=">AAAB7XicbVBNSwMxEJ2tX7V+rXr0EiyCp7JbBT1JsRePFewHtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZFyacaeN5305hbX1jc6u4XdrZ3ds/cA+PWlqmitAmkVyqTog15UzQpmGG006iKI5DTtvhuD7z209UaSbFg5kkNIjxULCIEWys1Kr3s/R22nfLXsWbA60SPydlyNHou1+9gSRpTIUhHGvd9b3EBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7RSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpia6DjIkkNVSQxaIo5chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLIh+Msvr5JWteJfVKr3l+XaTR5HEU7gFM7BhyuowR00oAkEHuEZXuHNkc6L8+58LFoLTj5zDH/gfP4AcWOPBw==</latexit>

CuW
<latexit sha1_base64="cUji435kzIIwNX8IqeTin/b/V6c=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EkCuXiMYB6QLGF2MpuMmZ1Z5iGEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpZxp4/vf3tr6xubWdmGnuLu3f3BYOjpuaWkVoU0iuVSdCGvKmaBNwwynnVRRnESctqNxfea3n6jSTIoHM0lpmOChYDEj2DipVe9ntj3tl8p+xZ8DrZIgJ2XI0eiXvnoDSWxChSEca90N/NSEGVaGEU6nxZ7VNMVkjIe066jACdVhNr92is6dMkCxVK6EQXP190SGE60nSeQ6E2xGetmbif95XWvimzBjIrWGCrJYFFuOjESz19GAKUoMnziCiWLuVkRGWGFiXEBFF0Kw/PIqaVUrwWWlen9Vrt3mcRTgFM7gAgK4hhrcQQOaQOARnuEV3jzpvXjv3seidc3LZ07gD7zPH5FMjxw=</latexit>

CdW
<latexit sha1_base64="zkzzdwzDmTX+OlDMsh3gufhqToc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT1JoRePFewHtEvJZrNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0g408Z1v53CxubW9k5xt7S3f3B4VD4+6WiZKkLbRHKpegHWlDNB24YZTnuJojgOOO0Gk+bc7z5RpZkUD2aaUD/GI8EiRrCxUqc5zMLubFiuuFV3AbROvJxUIEdrWP4ahJKkMRWGcKx133MT42dYGUY4nZUGqaYJJhM8on1LBY6p9rPFtTN0YZUQRVLZEgYt1N8TGY61nsaB7YyxGetVby7+5/VTE934GRNJaqggy0VRypGRaP46CpmixPCpJZgoZm9FZIwVJsYGVLIheKsvr5NOrepdVWv39UrjNo+jCGdwDpfgwTU04A5a0AYCj/AMr/DmSOfFeXc+lq0FJ585hT9wPn8Ad2aPCw==</latexit>

CHud
<latexit sha1_base64="hpr1wqO+PNKsn34pVNz435I+8pY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CSFXnqsYD+gDWWz2bZLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkQKg6777Wxsbm3v7Bb2ivsHh0fHpZPTtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1gUp/7nSeujYjVI04T7kd0pMRQMIpW6tQHWSMNZ4NS2a24C5B14uWkDDmag9JXP4xZGnGFTFJjep6boJ9RjYJJPiv2U8MTyiZ0xHuWKhpx42eLc2fk0iohGcbalkKyUH9PZDQyZhoFtjOiODar3lz8z+ulOLzzM6GSFLliy0XDVBKMyfx3EgrNGcqpJZRpYW8lbEw1ZWgTKtoQvNWX10m7WvGuK9WHm3LtPo+jAOdwAVfgwS3UoAFNaAGDCTzDK7w5ifPivDsfy9YNJ585gz9wPn8AOR+Pew==</latexit>

C(1)
quqd

<latexit sha1_base64="UGT5F/1EyRhJXLQpyqz5m8Lxkw0=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSLUS0mqoCcp9OKxgv2ANi2bzaZdutmkuxulhP4PLx4U8ep/8ea/cdvmoK0PBh7vzTAzz4s5U9q2v6219Y3Nre3cTn53b//gsHB03FRRIgltkIhHsu1hRTkTtKGZ5rQdS4pDj9OWN6rN/NYjlYpF4kFPYuqGeCBYwAjWRurV+uk4GfvTXlpyLqb9QtEu23OgVeJkpAgZ6v3CV9ePSBJSoQnHSnUcO9ZuiqVmhNNpvpsoGmMywgPaMVTgkCo3nV89RedG8VEQSVNCo7n6eyLFoVKT0DOdIdZDtezNxP+8TqKDGzdlIk40FWSxKEg40hGaRYB8JinRfGIIJpKZWxEZYomJNkHlTQjO8surpFkpO5flyv1VsXqbxZGDUziDEjhwDVW4gzo0gICEZ3iFN+vJerHerY9F65qVzZzAH1ifPw0PkjM=</latexit>

C(8)
quqd

<latexit sha1_base64="xE/OmIwwS3/jEKKisFFyXeatvRg=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BItQLyWpgj1JoRePFewHtGnZbDbt0s0m3d0oJeR/ePGgiFf/izf/jds2B219MPB4b4aZeW7EqFSW9W3kNja3tnfyu4W9/YPDo+LxSVuGscCkhUMWiq6LJGGUk5aiipFuJAgKXEY67qQx9zuPREga8gc1i4gToBGnPsVIaWnQGCbTeOqlg6Rcu0yHxZJVsRYw14mdkRJkaA6LX30vxHFAuMIMSdmzrUg5CRKKYkbSQj+WJEJ4gkakpylHAZFOsrg6NS+04pl+KHRxZS7U3xMJCqScBa7uDJAay1VvLv7n9WLl15yE8ihWhOPlIj9mpgrNeQSmRwXBis00QVhQfauJx0ggrHRQBR2CvfryOmlXK/ZVpXp/XarfZnHk4QzOoQw23EAd7qAJLcAg4Ble4c14Ml6Md+Nj2ZozsplT+APj8wcXuZI6</latexit>

Flavor

Z-pole EWPOs

Higgs

Ced
<latexit sha1_base64="3//HsJUsQEdol+ZCJtw0H7BWPyw=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0JMUevFYwdZCG8pmM23XbnbD7kYoof/BiwdFvPp/vPlv3LY5aOuDgcd7M8zMCxPOtPG8b6ewtr6xuVXcLu3s7u0flA+P2lqmimKLSi5VJyQaORPYMsxw7CQKSRxyfAjHjZn/8IRKMynuzSTBICZDwQaMEmOldqOfYTTtlyte1ZvDXSV+TiqQo9kvf/UiSdMYhaGcaN31vcQEGVGGUY7TUi/VmBA6JkPsWipIjDrI5tdO3TOrRO5AKlvCuHP190RGYq0ncWg7Y2JGetmbif953dQMroOMiSQ1KOhi0SDlrpHu7HU3Ygqp4RNLCFXM3urSEVGEGhtQyYbgL7+8Stq1qn9Rrd1dVuo3eRxFOIFTOAcfrqAOt9CEFlB4hGd4hTdHOi/Ou/OxaC04+cwx/IHz+QOMrY8Z</latexit>

Cld
<latexit sha1_base64="fenDVPwpb6w5E+AWDQTAxqGzkuk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT1JoRePFewHtEvJZrNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0g408Z1v53CxubW9k5xt7S3f3B4VD4+6WiZKkLbRHKpegHWlDNB24YZTnuJojgOOO0Gk+bc7z5RpZkUD2aaUD/GI8EiRrCxUqc5zHg4G5YrbtVdAK0TLycVyNEalr8GoSRpTIUhHGvd99zE+BlWhhFOZ6VBqmmCyQSPaN9SgWOq/Wxx7QxdWCVEkVS2hEEL9fdEhmOtp3FgO2NsxnrVm4v/ef3URDd+xkSSGirIclGUcmQkmr+OQqYoMXxqCSaK2VsRGWOFibEBlWwI3urL66RTq3pX1dp9vdK4zeMowhmcwyV4cA0NuIMWtIHAIzzDK7w50nlx3p2PZWvByWdO4Q+czx+XV48g</latexit>

C 0
ll

<latexit sha1_base64="cr+TOKXpXBvH0I9sEsY1nDcuIfw=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EkCuXiMYB6QrGF20kmGzOyuM7OBsOQ7vHhQxKsf482/cZLsQRMLGoqqbrq7glhwbVz321lb39jc2s7t5Hf39g8OC0fHDR0limGdRSJSrYBqFDzEuuFGYCtWSGUgsBmMqjO/OUaleRQ+mEmMvqSDkPc5o8ZKfrWbCjF97MSKS+wWim7JnYOsEi8jRchQ6xa+Or2IJRJDwwTVuu25sfFTqgxnAqf5TqIxpmxEB9i2NKQStZ/Oj56Sc6v0SD9StkJD5urviZRKrScysJ2SmqFe9mbif147Mf0bP+VhnBgM2WJRPxHERGSWAOlxhcyIiSWUKW5vJWxIFWXG5pS3IXjLL6+SRrnkXZbK91fFym0WRw5O4QwuwINrqMAd1KAODJ7gGV7hzRk7L86787FoXXOymRP4A+fzBw3UkkU=</latexit>

C(1)0
qq

<latexit sha1_base64="hk7rKT/Os5W+JiXSITB+nuv4qlc=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRV0JUUunFZwT6gjWEynbRDZybpzEQsIb/ixoUibv0Rd/6N0zYLbT1w4XDOvdx7TxAzqrTjfFtr6xubW9uFneLu3v7BoX1UaqsokZi0cMQi2Q2QIowK0tJUM9KNJUE8YKQTjBszv/NIpKKRuNfTmHgcDQUNKUbaSL5davjpZJI9pBX3vB9Lyknm22Wn6swBV4mbkzLI0fTtr/4gwgknQmOGlOq5Tqy9FElNMSNZsZ8oEiM8RkPSM1QgTpSXzm/P4JlRBjCMpCmh4Vz9PZEirtSUB6aTIz1Sy95M/M/rJTq89lIq4kQTgReLwoRBHcFZEHBAJcGaTQ1BWFJzK8QjJBHWJq6iCcFdfnmVtGtV96Jau7ss12/yOArgBJyCCnDBFaiDW9AELYDBE3gGr+DNyqwX6936WLSuWfnMMfgD6/MHpRCULA==</latexit>

C(3)0
qq

<latexit sha1_base64="I1j/LLWjCJUeSIha9qUfeIZsO/A=">AAAB+3icbVDLTgIxFO3gC/E14tJNIzHBDZkBE10ZEjYuMZFHAuOkUwo0tJ2h7RjJZH7FjQuNceuPuPNvLDALBU9yk5Nz7s299wQRo0o7zreV29jc2t7J7xb29g8Oj+zjYluFscSkhUMWym6AFGFUkJammpFuJAniASOdYNKY+51HIhUNxb2eRcTjaCTokGKkjeTbxYafTKfpQ1KuXfQjSTlJfbvkVJwF4DpxM1ICGZq+/dUfhDjmRGjMkFI914m0lyCpKWYkLfRjRSKEJ2hEeoYKxInyksXtKTw3ygAOQ2lKaLhQf08kiCs144Hp5EiP1ao3F//zerEeXnsJFVGsicDLRcOYQR3CeRBwQCXBms0MQVhScyvEYyQR1iauggnBXX15nbSrFbdWqd5dluo3WRx5cArOQBm44ArUwS1oghbA4Ak8g1fwZqXWi/VufSxbc1Y2cwL+wPr8AagolC4=</latexit>

C(3)
qq

<latexit sha1_base64="VeuMWqFXb58yiZ1GzTeNLoOcQwU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkrSCnqSQi8eK9gPaGPZbDft0s0m3d0IJeRvePGgiFf/jDf/jds2B219MPB4b4aZeV7EmdK2/W3lNja3tnfyu4W9/YPDo+LxSVuFsSS0RUIeyq6HFeVM0JZmmtNuJCkOPE473qQx9ztPVCoWigc9i6gb4JFgPiNYG6nfGCTTafqYlGuX6aBYsiv2AmidOBkpQYbmoPjVH4YkDqjQhGOleo4daTfBUjPCaVrox4pGmEzwiPYMFTigyk0WN6fowihD5IfSlNBoof6eSHCg1CzwTGeA9VitenPxP68Xa//GTZiIYk0FWS7yY450iOYBoCGTlGg+MwQTycytiIyxxESbmAomBGf15XXSrlacWqV6f1Wq32Zx5OEMzqEMDlxDHe6gCS0gEMEzvMKbFVsv1rv1sWzNWdnMKfyB9fkDcr2RSA==</latexit>

4-fermion

LEP II/LHC VV

CdH
<latexit sha1_base64="R8QZErKeDGwhPnrVaKPEgqKC/+s=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgp6k0EuPFewHtEvJZrNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0g408Z1v53CxubW9k5xt7S3f3B4VD4+6WiZKkLbRHKpegHWlDNB24YZTnuJojgOOO0Gk8bc7z5RpZkUD2aaUD/GI8EiRrCxUqcxzMLmbFiuuFV3AbROvJxUIEdrWP4ahJKkMRWGcKx133MT42dYGUY4nZUGqaYJJhM8on1LBY6p9rPFtTN0YZUQRVLZEgYt1N8TGY61nsaB7YyxGetVby7+5/VTE936GRNJaqggy0VRypGRaP46CpmixPCpJZgoZm9FZIwVJsYGVLIheKsvr5NOrepdVWv315X6XR5HEc7gHC7BgxuoQxNa0AYCj/AMr/DmSOfFeXc+lq0FJ585hT9wPn8AYJuO/A==</latexit>

Resonant Top

Tops in EWPOs: Dawson, Giardino 2019

Top fits: Englert et al. 2016+, Hartland et al. 2019, Brivio et al. 2019, Ellis et al. 2020

Top & flavor fits: Bissmann et al. 2019+, Bruggisser et al. 2021
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d = ��c⌧
<latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="6HUYvHAETonVJyj9/cosVMtDBaE="></latexit><latexit sha1_base64="6HUYvHAETonVJyj9/cosVMtDBaE="></latexit><latexit sha1_base64="rEGJWaZFQkKM1gLCE/rD2nvstEk="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit>

decay length:

decay probability (lab): P (t) = 1� exp

✓
�t

�⌧

◆

<latexit sha1_base64="lJBJ0luqP3+OL1MAopbUIu5OSJM="></latexit><latexit sha1_base64="lJBJ0luqP3+OL1MAopbUIu5OSJM="></latexit><latexit sha1_base64="lJBJ0luqP3+OL1MAopbUIu5OSJM="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="kTuQRTjU0Ji7qfZkYqHJ7kcwVTk="></latexit><latexit sha1_base64="kTuQRTjU0Ji7qfZkYqHJ7kcwVTk="></latexit><latexit sha1_base64="kEo+os3Tk/gq5Av2u2iVjvDec8I="></latexit><latexit sha1_base64="lJBJ0luqP3+OL1MAopbUIu5OSJM="></latexit><latexit sha1_base64="lJBJ0luqP3+OL1MAopbUIu5OSJM="></latexit><latexit sha1_base64="lJBJ0luqP3+OL1MAopbUIu5OSJM="></latexit><latexit sha1_base64="lJBJ0luqP3+OL1MAopbUIu5OSJM="></latexit><latexit sha1_base64="lJBJ0luqP3+OL1MAopbUIu5OSJM="></latexit><latexit sha1_base64="lJBJ0luqP3+OL1MAopbUIu5OSJM="></latexit>

Example: B meson

LHC:

Belle II:

c⌧ ⇠ 1mm
<latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="AAX6bwkTFFyFUFLUIefVXBYpp1s="></latexit><latexit sha1_base64="AAX6bwkTFFyFUFLUIefVXBYpp1s="></latexit><latexit sha1_base64="EoLuZl3RqSOYEL7JpRw8BcQT788="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit>

� =
500GeV

mB
= 100, � ⇡ 1 �! d ⇡ 10 cm

<latexit sha1_base64="jzZ/mk//My9dSi2E6jwK/+/ZUQ8="></latexit><latexit sha1_base64="jzZ/mk//My9dSi2E6jwK/+/ZUQ8="></latexit><latexit sha1_base64="jzZ/mk//My9dSi2E6jwK/+/ZUQ8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="q1qBdL0xEOZAOqzXZ83pTI7OcRw="></latexit><latexit sha1_base64="q1qBdL0xEOZAOqzXZ83pTI7OcRw="></latexit><latexit sha1_base64="zBB3HEGGj4is9C+fbEsQb9dNd60="></latexit><latexit sha1_base64="jzZ/mk//My9dSi2E6jwK/+/ZUQ8="></latexit><latexit sha1_base64="jzZ/mk//My9dSi2E6jwK/+/ZUQ8="></latexit><latexit sha1_base64="jzZ/mk//My9dSi2E6jwK/+/ZUQ8="></latexit><latexit sha1_base64="jzZ/mk//My9dSi2E6jwK/+/ZUQ8="></latexit><latexit sha1_base64="jzZ/mk//My9dSi2E6jwK/+/ZUQ8="></latexit><latexit sha1_base64="jzZ/mk//My9dSi2E6jwK/+/ZUQ8="></latexit>

� =
5GeV

mB
= 1, � ⇡ 0 �! d ⇡ 0 cm

<latexit sha1_base64="jpoE77o5folyJ4Qpuat/ogvB3vU="></latexit><latexit sha1_base64="jpoE77o5folyJ4Qpuat/ogvB3vU="></latexit><latexit sha1_base64="jpoE77o5folyJ4Qpuat/ogvB3vU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="ptPdjji4sWiKKtzWCBzIwYOMweM="></latexit><latexit sha1_base64="ptPdjji4sWiKKtzWCBzIwYOMweM="></latexit><latexit sha1_base64="Lx7wH6b03ZHMgHMbyxfh5nODQfg="></latexit><latexit sha1_base64="jpoE77o5folyJ4Qpuat/ogvB3vU="></latexit><latexit sha1_base64="jpoE77o5folyJ4Qpuat/ogvB3vU="></latexit><latexit sha1_base64="jpoE77o5folyJ4Qpuat/ogvB3vU="></latexit><latexit sha1_base64="jpoE77o5folyJ4Qpuat/ogvB3vU="></latexit><latexit sha1_base64="jpoE77o5folyJ4Qpuat/ogvB3vU="></latexit><latexit sha1_base64="jpoE77o5folyJ4Qpuat/ogvB3vU="></latexit>
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decays within detector volume:

N(�V ) = N0
�⌦

4⇡


exp

⇣
� r

d

⌘
� exp

✓
�r +�r

d

◆�

<latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="sxNJ3d9NhiQOV9dGUC/TTMyfjBs="></latexit><latexit sha1_base64="sxNJ3d9NhiQOV9dGUC/TTMyfjBs="></latexit><latexit sha1_base64="kjAAf42YavM4AmAB2UY6TPnr9N4="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit><latexit sha1_base64="nGc9qJ3gD/RXVZoAGubyNIleX8g="></latexit>

r
<latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="/ZSXm/esSR9Vyock/zxViAed/Hs="></latexit><latexit sha1_base64="/ZSXm/esSR9Vyock/zxViAed/Hs="></latexit><latexit sha1_base64="Egd9eBoU+eb47aLpGojXLxYtzFc="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit><latexit sha1_base64="j2Ov6mT2wMTNu46QKRhokuCmYeI="></latexit>

r +�r
<latexit sha1_base64="ByA6qRpag1zU4VuronA2RvIM7cQ="></latexit><latexit sha1_base64="ByA6qRpag1zU4VuronA2RvIM7cQ="></latexit><latexit sha1_base64="ByA6qRpag1zU4VuronA2RvIM7cQ="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="by4VU/uiAVAC9Lx0Q6LY980GqGk="></latexit><latexit sha1_base64="by4VU/uiAVAC9Lx0Q6LY980GqGk="></latexit><latexit sha1_base64="G+VjOgVB4lbN5HvPE5xFQRUes3w="></latexit><latexit sha1_base64="ByA6qRpag1zU4VuronA2RvIM7cQ="></latexit><latexit sha1_base64="ByA6qRpag1zU4VuronA2RvIM7cQ="></latexit><latexit sha1_base64="ByA6qRpag1zU4VuronA2RvIM7cQ="></latexit><latexit sha1_base64="ByA6qRpag1zU4VuronA2RvIM7cQ="></latexit><latexit sha1_base64="ByA6qRpag1zU4VuronA2RvIM7cQ="></latexit><latexit sha1_base64="ByA6qRpag1zU4VuronA2RvIM7cQ="></latexit>

d = ��c⌧
<latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="6HUYvHAETonVJyj9/cosVMtDBaE="></latexit><latexit sha1_base64="6HUYvHAETonVJyj9/cosVMtDBaE="></latexit><latexit sha1_base64="rEGJWaZFQkKM1gLCE/rD2nvstEk="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit><latexit sha1_base64="jTvcTrqcO7upt6OcBgvev5Wcy+o="></latexit>

decay length:

decay probability (lab): P (t) = 1� exp

✓
�t

�⌧

◆

<latexit sha1_base64="lJBJ0luqP3+OL1MAopbUIu5OSJM="></latexit><latexit sha1_base64="lJBJ0luqP3+OL1MAopbUIu5OSJM="></latexit><latexit sha1_base64="lJBJ0luqP3+OL1MAopbUIu5OSJM="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="kTuQRTjU0Ji7qfZkYqHJ7kcwVTk="></latexit><latexit sha1_base64="kTuQRTjU0Ji7qfZkYqHJ7kcwVTk="></latexit><latexit sha1_base64="kEo+os3Tk/gq5Av2u2iVjvDec8I="></latexit><latexit sha1_base64="lJBJ0luqP3+OL1MAopbUIu5OSJM="></latexit><latexit sha1_base64="lJBJ0luqP3+OL1MAopbUIu5OSJM="></latexit><latexit sha1_base64="lJBJ0luqP3+OL1MAopbUIu5OSJM="></latexit><latexit sha1_base64="lJBJ0luqP3+OL1MAopbUIu5OSJM="></latexit><latexit sha1_base64="lJBJ0luqP3+OL1MAopbUIu5OSJM="></latexit><latexit sha1_base64="lJBJ0luqP3+OL1MAopbUIu5OSJM="></latexit>

Example: B meson

LHC:

Belle II:

c⌧ ⇠ 1mm
<latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="AAX6bwkTFFyFUFLUIefVXBYpp1s="></latexit><latexit sha1_base64="AAX6bwkTFFyFUFLUIefVXBYpp1s="></latexit><latexit sha1_base64="EoLuZl3RqSOYEL7JpRw8BcQT788="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit><latexit sha1_base64="XLNJvwfkqlwr3OkUsgMECvhmgg0="></latexit>

� =
500GeV

mB
= 100, � ⇡ 1 �! d ⇡ 10 cm

<latexit sha1_base64="jzZ/mk//My9dSi2E6jwK/+/ZUQ8="></latexit><latexit sha1_base64="jzZ/mk//My9dSi2E6jwK/+/ZUQ8="></latexit><latexit sha1_base64="jzZ/mk//My9dSi2E6jwK/+/ZUQ8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="q1qBdL0xEOZAOqzXZ83pTI7OcRw="></latexit><latexit sha1_base64="q1qBdL0xEOZAOqzXZ83pTI7OcRw="></latexit><latexit sha1_base64="zBB3HEGGj4is9C+fbEsQb9dNd60="></latexit><latexit sha1_base64="jzZ/mk//My9dSi2E6jwK/+/ZUQ8="></latexit><latexit sha1_base64="jzZ/mk//My9dSi2E6jwK/+/ZUQ8="></latexit><latexit sha1_base64="jzZ/mk//My9dSi2E6jwK/+/ZUQ8="></latexit><latexit sha1_base64="jzZ/mk//My9dSi2E6jwK/+/ZUQ8="></latexit><latexit sha1_base64="jzZ/mk//My9dSi2E6jwK/+/ZUQ8="></latexit><latexit sha1_base64="jzZ/mk//My9dSi2E6jwK/+/ZUQ8="></latexit>

� =
5GeV

mB
= 1, � ⇡ 0 �! d ⇡ 0 cm

<latexit sha1_base64="jpoE77o5folyJ4Qpuat/ogvB3vU="></latexit><latexit sha1_base64="jpoE77o5folyJ4Qpuat/ogvB3vU="></latexit><latexit sha1_base64="jpoE77o5folyJ4Qpuat/ogvB3vU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="ptPdjji4sWiKKtzWCBzIwYOMweM="></latexit><latexit sha1_base64="ptPdjji4sWiKKtzWCBzIwYOMweM="></latexit><latexit sha1_base64="Lx7wH6b03ZHMgHMbyxfh5nODQfg="></latexit><latexit sha1_base64="jpoE77o5folyJ4Qpuat/ogvB3vU="></latexit><latexit sha1_base64="jpoE77o5folyJ4Qpuat/ogvB3vU="></latexit><latexit sha1_base64="jpoE77o5folyJ4Qpuat/ogvB3vU="></latexit><latexit sha1_base64="jpoE77o5folyJ4Qpuat/ogvB3vU="></latexit><latexit sha1_base64="jpoE77o5folyJ4Qpuat/ogvB3vU="></latexit><latexit sha1_base64="jpoE77o5folyJ4Qpuat/ogvB3vU="></latexit>
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Long-lived particles at Belle II. (Torben Ferber) 2

2

Belle II Detector (Torben Ferber) 19
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Belle II Detector (Torben Ferber) 16
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FIG. 1. Schematic display of LLP final state signatures (left) and a B ! KS decay with displaced muon pair (right) in Belle II.

The displayed detector plane is perpendicular to the beam axis.

Displaced charged final states Long-lived neutral mediators � can decay into pairs of displaced SM charged parti-44

cles. The final state can be fully visible (� ! ``, e.g. a dark photon A0 [11]) or include missing energy (� ! ``+inv.,45

e.g. inelastic DM [2]).46

47

Displaced neutral final states If decays to SM fermions are kinematically forbidden or suppressed (e.g. B ! KS48

with mS < 2me), long-lived neutral mediators � will generally decay into pairs of (displaced) photons. Neutral final49

states also arise in models with long-lived pseudo-scalar mediators a with decoupled production and decay, e.g. in50

models with multiple axion-like particles (ALPs) a1 ! a2a2, a2 ! ��, or in B ! Ka, a ! �� decays. Light vector51

mediators A0 may decay into 3� if mA0 < 2me [12]. The Belle II calorimeter offers excellent energy and timing52

reconstruction of O(ns), but the lateral segmentation does not allow to reconstruct displaced photons directly. We53

plan to explore the option to use shower shape information or advanced reconstruction methods, as well as pair-54

conversions or Dalitz-decays to detect non-pointing photons and displaced multi-photon vertices. Using the Belle II55

muon detector, we plan to investigate longer lifetimes, however at the expense of a significantly lower energy resolution.56

57

Disappearing and kinked tracks Light charged mediators �± may result in decays of �±
! `±+inv. (kinked track)58

or �±
! inv. (disappearing tracks if the charged decay daughter is too soft). While these scenarios are often severely59

constrained from precision measurements of ↵QED(Q) or the electron magnetic moment (g � 2)e, we plan to study60

possible signatures that may have escaped detection so far.61

A DEDICATED LLP DETECTOR: GAZELLE62

We propose to study the search potential for LLPs with longer lifetimes at a new experiment GAZELLE (GAZELLE63

is the Approximately Zero-background Experiment for Long-Lived Exotics) at SuperKEKB, to search for LLPs.64

GAZELLE would be housed in the same building as Belle II and observe the same e+e� collisions. The relatively65

quiet background environment will allow GAZELLE to search for LLPs in a large variety of neutral and charged final66

states. The low boost of decay products typically results in wide angular separation which will allow a precise LLP67

mass determination. If the GAZELLE readout is synchronized with the Belle II readout, the visible decay products68

associated with the production of the LLP can be measured in Belle II and can lead to significant improvements of the69

LLP mass determination and rejection of backgrounds in GAZELLE. We will study the possibility to use GAZELLE70

as L1 and/or software trigger for Belle II, which is expected to increase the sensitivity to detect directly produced71

LLPs that leave little energy deposition in Belle II. Background levels are expected to be small compared to the72

LHC and beam-dump experiments. One focus will be the optimization of position of shielding against background73

that arise from K0
L decays produced in meson decays. The GAZELLE detector will require a timing resolution of74

O(100 ps) and a position resolution of O(10 cm) to detect displaced charged final states. For displaced neutral final75

states or charged particles with very low momentum, a highly-segmented electromagnetic calorimeter could increase76

the sensitivity significantly. We plan to include studies of an optional add-on detector that utilizes emulsion/lead77

brick targets and is positioned in front of GAZELLE to search for neutrinos and very low momentum particles.78

79

picture: Belle II, by Torben Ferber

Signatures at colliders
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new interaction that leaves SM forces untouched

Neutrino portal: L = yN (LH)N + h.c.
<latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="WgNyxYRKcAMeyie+xiV50jmW0o0="></latexit><latexit sha1_base64="WgNyxYRKcAMeyie+xiV50jmW0o0="></latexit><latexit sha1_base64="Iftfcb8hCsYy12/lwHwHzta0jsc="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit><latexit sha1_base64="MMJ3XGBcihjQ4S+ZRbk0Um4ZByw="></latexit>

N
<latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="3m6uSzPPAXmij4pxFREW49s3DGE="></latexit><latexit sha1_base64="3m6uSzPPAXmij4pxFREW49s3DGE="></latexit><latexit sha1_base64="w1Zj/XtYxvp7Cz3duUM2hlSgVFc="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit>

`+
<latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="eUHQAsQTNWN9g9Zl8OToaH/cNRE="></latexit><latexit sha1_base64="eUHQAsQTNWN9g9Zl8OToaH/cNRE="></latexit><latexit sha1_base64="Ty/grhMC+sBSICjnY3jx/1KIgOE="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit><latexit sha1_base64="CGdaiphvzZaAsntvUIjtaRSlKZw="></latexit>

W+
<latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="N0WIse2rQstA4UBeJ6duzbYb0MI="></latexit><latexit sha1_base64="N0WIse2rQstA4UBeJ6duzbYb0MI="></latexit><latexit sha1_base64="uYGfQ1chOdW88WgfoPQpwFxX3W8="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit><latexit sha1_base64="UlVD31wkfYcgdhNR9ZR/NP677Do="></latexit>⌫

<latexit sha1_base64="UhrAfdJPkerxvxaf8oDr7JcneIo="></latexit><latexit sha1_base64="UhrAfdJPkerxvxaf8oDr7JcneIo="></latexit><latexit sha1_base64="UhrAfdJPkerxvxaf8oDr7JcneIo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="zCNYlJPSJNxWtdz5rm7AdvuSIRs="></latexit><latexit sha1_base64="zCNYlJPSJNxWtdz5rm7AdvuSIRs="></latexit><latexit sha1_base64="aDe40c2TKIVprWsf6sTMBz0rB+E="></latexit><latexit sha1_base64="UhrAfdJPkerxvxaf8oDr7JcneIo="></latexit><latexit sha1_base64="UhrAfdJPkerxvxaf8oDr7JcneIo="></latexit><latexit sha1_base64="UhrAfdJPkerxvxaf8oDr7JcneIo="></latexit><latexit sha1_base64="UhrAfdJPkerxvxaf8oDr7JcneIo="></latexit><latexit sha1_base64="UhrAfdJPkerxvxaf8oDr7JcneIo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="zCNYlJPSJNxWtdz5rm7AdvuSIRs="></latexit><latexit sha1_base64="zCNYlJPSJNxWtdz5rm7AdvuSIRs="></latexit><latexit sha1_base64="aDe40c2TKIVprWsf6sTMBz0rB+E="></latexit><latexit sha1_base64="UhrAfdJPkerxvxaf8oDr7JcneIo="></latexit><latexit sha1_base64="UhrAfdJPkerxvxaf8oDr7JcneIo="></latexit><latexit sha1_base64="UhrAfdJPkerxvxaf8oDr7JcneIo="></latexit><latexit sha1_base64="UhrAfdJPkerxvxaf8oDr7JcneIo="></latexit><latexit sha1_base64="UhrAfdJPkerxvxaf8oDr7JcneIo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="zCNYlJPSJNxWtdz5rm7AdvuSIRs="></latexit><latexit sha1_base64="zCNYlJPSJNxWtdz5rm7AdvuSIRs="></latexit><latexit sha1_base64="aDe40c2TKIVprWsf6sTMBz0rB+E="></latexit><latexit sha1_base64="UhrAfdJPkerxvxaf8oDr7JcneIo="></latexit><latexit sha1_base64="UhrAfdJPkerxvxaf8oDr7JcneIo="></latexit><latexit sha1_base64="UhrAfdJPkerxvxaf8oDr7JcneIo="></latexit><latexit sha1_base64="UhrAfdJPkerxvxaf8oDr7JcneIo="></latexit><latexit sha1_base64="UhrAfdJPkerxvxaf8oDr7JcneIo="></latexit><latexit sha1_base64="UhrAfdJPkerxvxaf8oDr7JcneIo="></latexit>N
<latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="3m6uSzPPAXmij4pxFREW49s3DGE="></latexit><latexit sha1_base64="3m6uSzPPAXmij4pxFREW49s3DGE="></latexit><latexit sha1_base64="w1Zj/XtYxvp7Cz3duUM2hlSgVFc="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit>

yNv
<latexit sha1_base64="xp8bw4XXA6A7JT8upij4VKF80co="></latexit><latexit sha1_base64="xp8bw4XXA6A7JT8upij4VKF80co="></latexit><latexit sha1_base64="xp8bw4XXA6A7JT8upij4VKF80co="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Bw4iHboJZPXior2m32BdGPxWh/0="></latexit><latexit sha1_base64="Bw4iHboJZPXior2m32BdGPxWh/0="></latexit><latexit sha1_base64="7Xw2mab6Q7OfdCrXWfVdke6BSsE="></latexit><latexit sha1_base64="xp8bw4XXA6A7JT8upij4VKF80co="></latexit><latexit sha1_base64="xp8bw4XXA6A7JT8upij4VKF80co="></latexit><latexit sha1_base64="xp8bw4XXA6A7JT8upij4VKF80co="></latexit><latexit sha1_base64="xp8bw4XXA6A7JT8upij4VKF80co="></latexit><latexit sha1_base64="xp8bw4XXA6A7JT8upij4VKF80co="></latexit><latexit sha1_base64="xp8bw4XXA6A7JT8upij4VKF80co="></latexit>

Vector portal: L = ✏Fµ⌫F 0
µ⌫

<latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="5N0Js8dMPbuTbirRS1iCGxBtF5s="></latexit><latexit sha1_base64="5N0Js8dMPbuTbirRS1iCGxBtF5s="></latexit><latexit sha1_base64="iMxI4SvcYtyc98PBjqooHnoJdY4="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit><latexit sha1_base64="32k8JwXJB0UYtZQv25Bi0O4dPJI="></latexit>

�0
<latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="w6aCEcoz8ux78sURdEGgOdaNnNw="></latexit><latexit sha1_base64="w6aCEcoz8ux78sURdEGgOdaNnNw="></latexit><latexit sha1_base64="EmKA3QYPWHvWbTYDj81nN/DNoJk="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit>

f
<latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mPruwqR7C4GKVm+uPk57t8s6dmY="></latexit><latexit sha1_base64="mPruwqR7C4GKVm+uPk57t8s6dmY="></latexit><latexit sha1_base64="gaQ/MADDMoGowHGz2oiyZbJfsNI="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit><latexit sha1_base64="2KR5f1DEy16B9ig75e+ck7gjW5A="></latexit>

f̄
<latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="JMPOXSIcfbDNGAbjuwWK8fRDt/w="></latexit><latexit sha1_base64="JMPOXSIcfbDNGAbjuwWK8fRDt/w="></latexit><latexit sha1_base64="wyGM9sAockhO4zQTq6jj5915VK4="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit><latexit sha1_base64="gCJZNQa17mh9RivfYWneBgAGh/U="></latexit>

⇠ ✏e
<latexit sha1_base64="OqpfeGsXAmjpYPANFvDPkvMxTzk="></latexit><latexit sha1_base64="OqpfeGsXAmjpYPANFvDPkvMxTzk="></latexit><latexit sha1_base64="OqpfeGsXAmjpYPANFvDPkvMxTzk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="FuDvX57bWkZrrGcUADTaC63L2Uo="></latexit><latexit sha1_base64="FuDvX57bWkZrrGcUADTaC63L2Uo="></latexit><latexit sha1_base64="o0uCHNX1gOsquf8vrdKEmcY7K6E="></latexit><latexit sha1_base64="OqpfeGsXAmjpYPANFvDPkvMxTzk="></latexit><latexit sha1_base64="OqpfeGsXAmjpYPANFvDPkvMxTzk="></latexit><latexit sha1_base64="OqpfeGsXAmjpYPANFvDPkvMxTzk="></latexit><latexit sha1_base64="OqpfeGsXAmjpYPANFvDPkvMxTzk="></latexit><latexit sha1_base64="OqpfeGsXAmjpYPANFvDPkvMxTzk="></latexit><latexit sha1_base64="OqpfeGsXAmjpYPANFvDPkvMxTzk="></latexit>

Higgs portal: L = �S(H
†
H)S

<latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="MBv/E6i7ktdv17GefawtyOQnAKI="></latexit><latexit sha1_base64="MBv/E6i7ktdv17GefawtyOQnAKI="></latexit><latexit sha1_base64="Y9uPToHl2SbapO08j9vp9gd6KqE="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit><latexit sha1_base64="tCMQZefZ0jN0yLKFgKQF/QbK7KI="></latexit>

S
<latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="4cIO+8ro5NMPgBcKHTm2Ej81z6M="></latexit><latexit sha1_base64="4cIO+8ro5NMPgBcKHTm2Ej81z6M="></latexit><latexit sha1_base64="Hu80DEBMG+kK9zrap7IAkmN+JVg="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit>

H
0

<latexit sha1_base64="Ztol8KjbZPDpkRVNiL4A1jALxcs="></latexit><latexit sha1_base64="Ztol8KjbZPDpkRVNiL4A1jALxcs="></latexit><latexit sha1_base64="Ztol8KjbZPDpkRVNiL4A1jALxcs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="W1PgQ8eGGTLIhl7YUGCBPBew/RY="></latexit><latexit sha1_base64="W1PgQ8eGGTLIhl7YUGCBPBew/RY="></latexit><latexit sha1_base64="uPupY+oiPPRgigYX/7Zq7zziP7M="></latexit><latexit sha1_base64="Ztol8KjbZPDpkRVNiL4A1jALxcs="></latexit><latexit sha1_base64="Ztol8KjbZPDpkRVNiL4A1jALxcs="></latexit><latexit sha1_base64="Ztol8KjbZPDpkRVNiL4A1jALxcs="></latexit><latexit sha1_base64="Ztol8KjbZPDpkRVNiL4A1jALxcs="></latexit><latexit sha1_base64="Ztol8KjbZPDpkRVNiL4A1jALxcs="></latexit><latexit sha1_base64="Ztol8KjbZPDpkRVNiL4A1jALxcs="></latexit>

�Sv
<latexit sha1_base64="lDkCEXk0eoqpy9HvNUpMe1TmtFM="></latexit><latexit sha1_base64="lDkCEXk0eoqpy9HvNUpMe1TmtFM="></latexit><latexit sha1_base64="lDkCEXk0eoqpy9HvNUpMe1TmtFM="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="eNK/4XQlVLQEqEvstLriSbY2sMc="></latexit><latexit sha1_base64="eNK/4XQlVLQEqEvstLriSbY2sMc="></latexit><latexit sha1_base64="ui1ekcBRx8ItRRHRAgOuMie1NTU="></latexit><latexit sha1_base64="lDkCEXk0eoqpy9HvNUpMe1TmtFM="></latexit><latexit sha1_base64="lDkCEXk0eoqpy9HvNUpMe1TmtFM="></latexit><latexit sha1_base64="lDkCEXk0eoqpy9HvNUpMe1TmtFM="></latexit><latexit sha1_base64="lDkCEXk0eoqpy9HvNUpMe1TmtFM="></latexit><latexit sha1_base64="lDkCEXk0eoqpy9HvNUpMe1TmtFM="></latexit><latexit sha1_base64="lDkCEXk0eoqpy9HvNUpMe1TmtFM="></latexit>

S
<latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="4cIO+8ro5NMPgBcKHTm2Ej81z6M="></latexit><latexit sha1_base64="4cIO+8ro5NMPgBcKHTm2Ej81z6M="></latexit><latexit sha1_base64="Hu80DEBMG+kK9zrap7IAkmN+JVg="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit><latexit sha1_base64="bryPx9E4hQQM/b6sCZfMHslW6gU="></latexit>
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FIG. 1: Left: Dark Higgs decay length d̄ = c⌧��� as a function of m� for various energies E� and
✓ = 10�4. The decay length scales as d̄ / ✓�2. Adapted from Ref. [8]. Right: Dark Higgs decay
length d̄ in the (m�, ✓) plane for E� = 1 TeV. The decay length scales as d̄ / E� for large E�.
The gray shaded regions are experimentally excluded.

the high-mass range m� & 2.5 GeV, and interpolate between these two for the intermediate
mass range 1 GeV . m� . 2.5 GeV.

The resulting decay lengths are shown in Fig. 1. Because the decays are both Yukawa-
and ✓-suppressed, for currently viable values of ✓ and energies E� ⇠ 1 TeV, dark Higgs decay
lengths can be very long. Below the muon threshold, i.e., for m� < 2mµ, the tiny electron
Yukawa coupling leads to an extremely long dark Higgs lifetime, resulting in a negligible
event rate in FASER, as most dark Higgs bosons typically overshoot the detector. On the
other hand, for 2mµ < m� . 2m⌧ and energies E� ⇠ 100 GeV � 1 TeV, decay lengths
d̄ = c⌧��� ⇠ 10 m� 1 km are possible, and a significant number of dark Higgs bosons can
pass through many LHC infrastructure components and decay within the FASER volume.

The dark Higgs branching fractions are shown in Fig. 2. As shown there, above the muon
threshold, the µ

+
µ
� decay mode dominates in the narrow region 2mµ < m� < 2m⇡, but

for larger masses, the dominant decay modes are to pions, kaons, and other hadrons. This
di↵ers markedly from the dark photon case, where leptonic decays are significant for most
of the mass range.

B. Dark Higgs Production

In this section, we discuss the dominant production mechanisms for dark Higgs bosons:
B, K, and light meson decays.

Dark Higgs bosons can also be produced through other processes. For example, they may
be radiated o↵ a b quark line and be produced in processes bb̄ ! �g or bg ! b�, or through
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Fig. 21. LLP-lifetime-dependent limits on the branching fraction for the decay H ! XX of the Higgs boson into two LLPs. The LLP mass and
probed decay mode, assumed to have a branching fraction of 100%, are indicated by X(mX/GeV) ! YY . All limits are obtained from LHC
searches [232,242,256,259,274]. When available, dashed lines denote the expected limits, while solid lines represent the observed limits. The region
where the H ! XX branching ratio is larger than 1 is also shown. The contours labeled ‘‘X(60) ! bb’’ show the sensitivity from a search for prompt
decays.

displaced track techniques have been used to set limits on branching ratios below 0.1% for a lifetimes between about
1 ps and 1 ns [232,259]. Larger lifetimes have been probed by dedicated searches in the ATLAS calorimeters and MS,
with unique sensitivity to hadronic branching fractions at the 1% level [242,256]. For LLP lifetimes below order 1 ns with
hadronic decays, branching ratios below 30% remain unprobed.

5.5. Magnetic monopoles

A summary of searches for magnetic monopoles can be found in Fig. 22 for various spin and magnetic charge
assumptions. Despite the non-perturbative nature of monopole production, limits are obtained assuming Drell–Yan-like
production. Results shown were obtained by searches at ATLAS [214] and MoEDAL [224] with mass limits as large as
1790 GeV for a magnetic charge of 3QD and spin 1.

The two experiments used very different data set sizes and techniques. Nonetheless, with ATLAS limits dominating at
small values of qm and the higher-charge regime being covered by MoEDAL, this current snapshot shows complementarity
between the searches performed at a general-purpose detector and those at a dedicated experiment.

6. Future searches and experiments

As seen from the review of results in Section 4, interest in LLPs as a means for probing and discovering BSM physics
has been growing rapidly. While LLP searches are being carried out, methods for exploiting new experimental signatures
are constantly being developed, and the data samples available for analysis keep growing. Therefore, we conclude that
the coming years will see significant expansion in LLP physics. In this section we go beyond the current searches and
discuss the outlook for LLP searches at future facilities.

6.1. Future searches at collider experiments

Approved and proposed collider experiments generally feature a large increase in the integrated luminosity relative to
past or currently operating facilities of a similar nature. The large samples collected will lead to significant improvements
in the sensitivity of BSM searches. In searches that are dominated by SM background, the signal and background yields
grow together, so that the resulting sensitivity to the production rates of BSM particles is proportional to the square root
of the integrated luminosity. As seen in Section 4, many LLP searches have very low background levels, since they are
often able to exploit experimental signatures (reviewed in Section 2.1.3) that are not available to prompt BSM searches. In
zero-background cases, the sensitivity grows roughly linearly with the integrated luminosity. Since LLP searches frequently

displacedprompt

Higgs portal: h
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S, a
<latexit sha1_base64="EVwQmhtrN4LFRgCaqYBvI8MwxB4="></latexit><latexit sha1_base64="EVwQmhtrN4LFRgCaqYBvI8MwxB4="></latexit><latexit sha1_base64="EVwQmhtrN4LFRgCaqYBvI8MwxB4="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="b+k7a0WhNDbSsphW5DikfNRCE3M="></latexit><latexit sha1_base64="b+k7a0WhNDbSsphW5DikfNRCE3M="></latexit><latexit sha1_base64="RgXdZcPd1uFXkE5TUev8BMu9tVg="></latexit><latexit sha1_base64="EVwQmhtrN4LFRgCaqYBvI8MwxB4="></latexit><latexit sha1_base64="EVwQmhtrN4LFRgCaqYBvI8MwxB4="></latexit><latexit sha1_base64="EVwQmhtrN4LFRgCaqYBvI8MwxB4="></latexit><latexit sha1_base64="EVwQmhtrN4LFRgCaqYBvI8MwxB4="></latexit><latexit sha1_base64="EVwQmhtrN4LFRgCaqYBvI8MwxB4="></latexit><latexit sha1_base64="EVwQmhtrN4LFRgCaqYBvI8MwxB4="></latexit>

B
<latexit sha1_base64="VNPSxp6GahqmcBx4E7/De5IZBGc="></latexit><latexit sha1_base64="VNPSxp6GahqmcBx4E7/De5IZBGc="></latexit><latexit sha1_base64="VNPSxp6GahqmcBx4E7/De5IZBGc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="fAp5OVWR8Sv30RxacOklPNnYezc="></latexit><latexit sha1_base64="fAp5OVWR8Sv30RxacOklPNnYezc="></latexit><latexit sha1_base64="jHd1CxzU8GgFEASY+suFjkqZqBU="></latexit><latexit sha1_base64="VNPSxp6GahqmcBx4E7/De5IZBGc="></latexit><latexit sha1_base64="VNPSxp6GahqmcBx4E7/De5IZBGc="></latexit><latexit sha1_base64="VNPSxp6GahqmcBx4E7/De5IZBGc="></latexit><latexit sha1_base64="VNPSxp6GahqmcBx4E7/De5IZBGc="></latexit><latexit sha1_base64="VNPSxp6GahqmcBx4E7/De5IZBGc="></latexit><latexit sha1_base64="VNPSxp6GahqmcBx4E7/De5IZBGc="></latexit>

K
<latexit sha1_base64="WPq1fppu0iJ4hfWbe5Fq11kZGiI="></latexit><latexit sha1_base64="WPq1fppu0iJ4hfWbe5Fq11kZGiI="></latexit><latexit sha1_base64="WPq1fppu0iJ4hfWbe5Fq11kZGiI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="A0EahSqZNaFA50pCQ1slpfx2Wvc="></latexit><latexit sha1_base64="A0EahSqZNaFA50pCQ1slpfx2Wvc="></latexit><latexit sha1_base64="GTVcjMuWMfV+Uy86jbfScs6c4pY="></latexit><latexit sha1_base64="WPq1fppu0iJ4hfWbe5Fq11kZGiI="></latexit><latexit sha1_base64="WPq1fppu0iJ4hfWbe5Fq11kZGiI="></latexit><latexit sha1_base64="WPq1fppu0iJ4hfWbe5Fq11kZGiI="></latexit><latexit sha1_base64="WPq1fppu0iJ4hfWbe5Fq11kZGiI="></latexit><latexit sha1_base64="WPq1fppu0iJ4hfWbe5Fq11kZGiI="></latexit><latexit sha1_base64="WPq1fppu0iJ4hfWbe5Fq11kZGiI="></latexit>

vector portal

e+
<latexit sha1_base64="3h854G4vdmKm2Oi9Fv4s3LMOZGQ="></latexit><latexit sha1_base64="3h854G4vdmKm2Oi9Fv4s3LMOZGQ="></latexit><latexit sha1_base64="3h854G4vdmKm2Oi9Fv4s3LMOZGQ="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="JFU00/7TpOEqdH2MYgzTWdeJUrU="></latexit><latexit sha1_base64="JFU00/7TpOEqdH2MYgzTWdeJUrU="></latexit><latexit sha1_base64="mpiGbeIw99UgEXxEktcKUtlUD5E="></latexit><latexit sha1_base64="3h854G4vdmKm2Oi9Fv4s3LMOZGQ="></latexit><latexit sha1_base64="3h854G4vdmKm2Oi9Fv4s3LMOZGQ="></latexit><latexit sha1_base64="3h854G4vdmKm2Oi9Fv4s3LMOZGQ="></latexit><latexit sha1_base64="3h854G4vdmKm2Oi9Fv4s3LMOZGQ="></latexit><latexit sha1_base64="3h854G4vdmKm2Oi9Fv4s3LMOZGQ="></latexit><latexit sha1_base64="3h854G4vdmKm2Oi9Fv4s3LMOZGQ="></latexit>

e�
<latexit sha1_base64="YE+2/QbzpYCMVdY7CvKAX/MeJ8w="></latexit><latexit sha1_base64="YE+2/QbzpYCMVdY7CvKAX/MeJ8w="></latexit><latexit sha1_base64="YE+2/QbzpYCMVdY7CvKAX/MeJ8w="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="3E4kSWWnYuVylQJ561rT6mXWOz0="></latexit><latexit sha1_base64="3E4kSWWnYuVylQJ561rT6mXWOz0="></latexit><latexit sha1_base64="A3llxQeSIiAMIOxEoShb3muNjts="></latexit><latexit sha1_base64="YE+2/QbzpYCMVdY7CvKAX/MeJ8w="></latexit><latexit sha1_base64="YE+2/QbzpYCMVdY7CvKAX/MeJ8w="></latexit><latexit sha1_base64="YE+2/QbzpYCMVdY7CvKAX/MeJ8w="></latexit><latexit sha1_base64="YE+2/QbzpYCMVdY7CvKAX/MeJ8w="></latexit><latexit sha1_base64="YE+2/QbzpYCMVdY7CvKAX/MeJ8w="></latexit><latexit sha1_base64="YE+2/QbzpYCMVdY7CvKAX/MeJ8w="></latexit>

�0
<latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="w6aCEcoz8ux78sURdEGgOdaNnNw="></latexit><latexit sha1_base64="w6aCEcoz8ux78sURdEGgOdaNnNw="></latexit><latexit sha1_base64="EmKA3QYPWHvWbTYDj81nN/DNoJk="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit><latexit sha1_base64="yMOhWv4iPPVBTJdZPeJqB5sRrUw="></latexit>

e+
<latexit sha1_base64="3h854G4vdmKm2Oi9Fv4s3LMOZGQ="></latexit><latexit sha1_base64="3h854G4vdmKm2Oi9Fv4s3LMOZGQ="></latexit><latexit sha1_base64="3h854G4vdmKm2Oi9Fv4s3LMOZGQ="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="JFU00/7TpOEqdH2MYgzTWdeJUrU="></latexit><latexit sha1_base64="JFU00/7TpOEqdH2MYgzTWdeJUrU="></latexit><latexit sha1_base64="mpiGbeIw99UgEXxEktcKUtlUD5E="></latexit><latexit sha1_base64="3h854G4vdmKm2Oi9Fv4s3LMOZGQ="></latexit><latexit sha1_base64="3h854G4vdmKm2Oi9Fv4s3LMOZGQ="></latexit><latexit sha1_base64="3h854G4vdmKm2Oi9Fv4s3LMOZGQ="></latexit><latexit sha1_base64="3h854G4vdmKm2Oi9Fv4s3LMOZGQ="></latexit><latexit sha1_base64="3h854G4vdmKm2Oi9Fv4s3LMOZGQ="></latexit><latexit sha1_base64="3h854G4vdmKm2Oi9Fv4s3LMOZGQ="></latexit>

e�
<latexit sha1_base64="YE+2/QbzpYCMVdY7CvKAX/MeJ8w="></latexit><latexit sha1_base64="YE+2/QbzpYCMVdY7CvKAX/MeJ8w="></latexit><latexit sha1_base64="YE+2/QbzpYCMVdY7CvKAX/MeJ8w="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="3E4kSWWnYuVylQJ561rT6mXWOz0="></latexit><latexit sha1_base64="3E4kSWWnYuVylQJ561rT6mXWOz0="></latexit><latexit sha1_base64="A3llxQeSIiAMIOxEoShb3muNjts="></latexit><latexit sha1_base64="YE+2/QbzpYCMVdY7CvKAX/MeJ8w="></latexit><latexit sha1_base64="YE+2/QbzpYCMVdY7CvKAX/MeJ8w="></latexit><latexit sha1_base64="YE+2/QbzpYCMVdY7CvKAX/MeJ8w="></latexit><latexit sha1_base64="YE+2/QbzpYCMVdY7CvKAX/MeJ8w="></latexit><latexit sha1_base64="YE+2/QbzpYCMVdY7CvKAX/MeJ8w="></latexit><latexit sha1_base64="YE+2/QbzpYCMVdY7CvKAX/MeJ8w="></latexit>

⌧
<latexit sha1_base64="GutJls1VfJl1BOmSE0r9qNGe2UU="></latexit><latexit sha1_base64="GutJls1VfJl1BOmSE0r9qNGe2UU="></latexit><latexit sha1_base64="GutJls1VfJl1BOmSE0r9qNGe2UU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="c9V/Me89Rf9TWF+E5mDXc3Kp9hc="></latexit><latexit sha1_base64="c9V/Me89Rf9TWF+E5mDXc3Kp9hc="></latexit><latexit sha1_base64="Kw7yDzkTf6CDXYZB0MulyyIg1J0="></latexit><latexit sha1_base64="GutJls1VfJl1BOmSE0r9qNGe2UU="></latexit><latexit sha1_base64="GutJls1VfJl1BOmSE0r9qNGe2UU="></latexit><latexit sha1_base64="GutJls1VfJl1BOmSE0r9qNGe2UU="></latexit><latexit sha1_base64="GutJls1VfJl1BOmSE0r9qNGe2UU="></latexit><latexit sha1_base64="GutJls1VfJl1BOmSE0r9qNGe2UU="></latexit><latexit sha1_base64="GutJls1VfJl1BOmSE0r9qNGe2UU="></latexit>

N
<latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="3m6uSzPPAXmij4pxFREW49s3DGE="></latexit><latexit sha1_base64="3m6uSzPPAXmij4pxFREW49s3DGE="></latexit><latexit sha1_base64="w1Zj/XtYxvp7Cz3duUM2hlSgVFc="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit><latexit sha1_base64="9iLhMicnrGNzGVPNiG6JcTg/uc0="></latexit>

⇡
<latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="lnchxUx7+VpwaWO2InIQBuzb4jE="></latexit><latexit sha1_base64="lnchxUx7+VpwaWO2InIQBuzb4jE="></latexit><latexit sha1_base64="BvIL6gvr3166buCjBOn02DxMMYw="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit><latexit sha1_base64="IfwBb5gcrZrB1PcnSEoAnJiGd6w="></latexit>

⌧
<latexit sha1_base64="GutJls1VfJl1BOmSE0r9qNGe2UU="></latexit><latexit sha1_base64="GutJls1VfJl1BOmSE0r9qNGe2UU="></latexit><latexit sha1_base64="GutJls1VfJl1BOmSE0r9qNGe2UU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="c9V/Me89Rf9TWF+E5mDXc3Kp9hc="></latexit><latexit sha1_base64="c9V/Me89Rf9TWF+E5mDXc3Kp9hc="></latexit><latexit sha1_base64="Kw7yDzkTf6CDXYZB0MulyyIg1J0="></latexit><latexit sha1_base64="GutJls1VfJl1BOmSE0r9qNGe2UU="></latexit><latexit sha1_base64="GutJls1VfJl1BOmSE0r9qNGe2UU="></latexit><latexit sha1_base64="GutJls1VfJl1BOmSE0r9qNGe2UU="></latexit><latexit sha1_base64="GutJls1VfJl1BOmSE0r9qNGe2UU="></latexit><latexit sha1_base64="GutJls1VfJl1BOmSE0r9qNGe2UU="></latexit><latexit sha1_base64="GutJls1VfJl1BOmSE0r9qNGe2UU="></latexit>

Higgs portal, ALP

t t

b
<latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="9XVdpWeVHG/6C0l2qo6vbRhok5w="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit> s
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7

UJ12 Alcoves

Purpose-Built Facility

FIG. 1. The locations of the two preferred FPF sites currently under consideration. For the UJ12 alcoves
option, the existing UJ12 cavern is enlarged with alcoves, providing a site located roughly 480–521 m west
of ATLAS IP1 in Switzerland. For the purpose-built facility option, a new cavern and shaft are excavated,
creating a site on the LOS roughly 617–682 m east of ATLAS IP1 on CERN land in France.

away from an LHC IP on the beam collision axis or LOS. Following an initial study of the existing
LHC infrastructure and geological conditions, several options were considered to accommodate the
facility around the ATLAS IP (IP1). These have been narrowed down to two preferred solutions:
alcoves in the UJ12 cavern and a purpose-built facility. The locations of these two options are
shown in Fig. 1. In the next two subsections, we present more details of each of these two FPF
sites.

B. Alcoves in the UJ12 Cavern

One of the preferred options is to house the FPF in the location of the existing UJ12 cavern
by expanding one side of UJ12 with separate alcoves to accommodate the experiments and to
provide the space needed around them. UJ12 is part of the LHC tunnel system and is situated
approximately 480-521 m west of ATLAS IP1 at CERN’s site in Switzerland, as shown in Fig. 1.

A drawback of the UJ12 alcoves option is the di�culty of accessing the worksite. As an access
point, it is envisaged to use the existing PGC3 shaft located on the top of the abandoned tunnel
TI12, and then passing through the 536 m long TI12, which currently houses the FASER experi-
ment. The PGC3 shaft has an internal diameter of 3 m, which imposes significant space constraints,
and the works need to be designed around what can be achieved with only small equipment.

Following the conceptual design studies, the baseline layout includes three alcoves, each with
6.4 m width, but with di↵erent lengths, as shown in Figs. 2 and 3. It must be noted that the
impact of the foreseen works on the existing wall of the cavern and the cavern itself has yet to
be fully assessed. All the works must be carried out in a way that minimizes the impact on the

LHC:  FASER (prototype in place)

Belle II:  GAZELLE (Proposal) Dreyer et al. 2105.12962
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<latexit sha1_base64="4hv+Xvsf2q35l1z+G6ZkvPQvics="></latexit><latexit sha1_base64="4hv+Xvsf2q35l1z+G6ZkvPQvics="></latexit><latexit sha1_base64="4hv+Xvsf2q35l1z+G6ZkvPQvics="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="LGzK2tAIvcxXlE0BpIgdQClw3ag="></latexit><latexit sha1_base64="LGzK2tAIvcxXlE0BpIgdQClw3ag="></latexit><latexit sha1_base64="2rIpknFJMG/l1Z+NiOJRmtA8q28="></latexit><latexit sha1_base64="4hv+Xvsf2q35l1z+G6ZkvPQvics="></latexit><latexit sha1_base64="4hv+Xvsf2q35l1z+G6ZkvPQvics="></latexit><latexit sha1_base64="4hv+Xvsf2q35l1z+G6ZkvPQvics="></latexit><latexit sha1_base64="4hv+Xvsf2q35l1z+G6ZkvPQvics="></latexit><latexit sha1_base64="4hv+Xvsf2q35l1z+G6ZkvPQvics="></latexit><latexit sha1_base64="4hv+Xvsf2q35l1z+G6ZkvPQvics="></latexit>



Near and Far

 34

4

Scalar mixing also causes a universal reduction of
all Higgs couplings to visible particles by c✓. This
suppresses the Higgs signal strength defined by

µ =
�h ⇥ B(h ! vis)

�h ⇥ B(h ! vis)SM
= c

2
✓

c
2
✓�

h
SM

c
2
✓�

h
SM + s

2
✓�

h
��̄

, (11)

where �h is the Higgs production rate and B(h ! vis)
the branching ratio to visible final states. Current
global analyses constrain universal modifications of
the Higgs couplings, but without allowing for invisible
decays. For the HL-LHC, such an analysis has been
performed assuming Run-2 systematics [46]. The ex-
pected reach for dark scalars depends on the invisible
decay rate �h

��̄. For y� = 1 we expect that mixing
angles down to ✓ = 0.008 will be probed. The sensi-
tivity is comparable with the current BaBar bounds
from B ! K /E, but less than predicted at Belle II.

IV. DISPLACED VERTEX SIGNATURES

If invisible decays are kinematically forbidden or ab-
sent, dark scalars leave signatures with visible de-
cay products. Due to the flavor-hierarchical cou-
plings, scalar decays to light leptons or mesons are
suppressed, while scalar production through the top-
quark coupling is sizeable even for small mixing ✓.
The scalar has a nominal lifetime of roughly c⌧S =
c/�S ⇡ s

�2
✓ nm and becomes long-lived at detector

scales for ✓ . 10�2. This leads to signatures with
displaced vertices, which are perfect targets for fla-
vor or beam dump experiments.

At e+e� colliders, light scalars can be abundantly
produced from BB̄ pairs at the ⌥(4S) resonance with
subsequent B ! KS decays. Direct production via
e
+
e
�
! S is strongly suppressed by the tiny electron

coupling. Alternative searches for radiative Upsilon
decays ⌥(n) ! S� through the b-quark coupling at
BaBar exclude strong mixing ✓ & 0.1 [47–49].

Measurements of B ! K
(⇤)

µµ̄ decays by BaBar,
Belle and LHCb exclude scalar mixing down to
✓ ⇡ 10�3 [17]. The event selection is typically re-
stricted to prompt decays. LHCb has performed
dedicated searches for displaced muons from long-
lived scalars [50, 51]. By reinterpreting the search
for B+

! K
+
S(! µµ̄) [51] we exclude scalar mixing

down to ✓ ⇡ 10�4, shown in blue in Fig. 2. Ve-
toed regions around the resonances K

0
S ,  (2S) and

 (3770) are partially excluded by a similar search for
B

0
! K

⇤
S(! µµ̄) decays [50].

To date, the only search for long-lived scalars at
e
+
e
� colliders is an inclusive search for displaced ver-

tices of charged leptons, pions or kaons by BaBar [52].
From this analysis BaBar has derived upper bounds

FIG. 2: Searches for dark scalars with displaced vertices.
Shown are 95% CL bounds from B+ ! K+S(! µµ̄)
searches at LHCb [51] (blue) and 90% CL bounds on
B(B ! XsS)B(S ! f) with f = µ+µ� (yellow) and
⇡+⇡� (orange) from an inclusive search by BaBar [52].
Regions of 3� significance at BELLE II are shown for
B ! KS(! f) with f = ⇡+⇡�, µ+µ� and ⌧+⌧� (green).
For comparison, we show projections for B ! Kµµ̄
at LHCb Run-3 (blue curve) and NA62 (red curve), as
well as predictions for future long-baseline experiments
(dashed curves).

on the branching ratio B(B ! XsS)B(S ! f) for
di↵erent final states f . In Fig. 2 we show our rein-
terpretation of these bounds for f = µ

+
µ
� (yellow)

and f = ⇡
+
⇡
� (orange). The sensitivity is limited

by hadronic backgrounds from K
0
S , ⇤, K

± and ⇡
±

decays and by the available data set, so that only a
few small parameter regions can be excluded.

The fact that BaBar probes very small mixing
without optimizing their analysis for dark scalars sug-
gests that Belle II can reach a better sensitivity with
a dedicated search. We suggest to search for dis-
placed vertices from exclusive B ! KS(! f) decays
at Belle II, where K stands for either K0, K+, or K⇤

excitations. Promising final states are f = µ
+
µ
� and

⇡
+
⇡
�, K+

K
� for scalar masses mS . 2GeV, as well

as ⌧�⌧+, D+
D

� or 4⇡ for heavier scalars.
Let us first focus on displaced muon pairs, which

probe a large range of scalar masses 2mµ < mS <

mB � mK . The signal is defined by a displaced
muon vertex and a kaon, which together reconstruct
the B momentum. The reconstruction of the full fi-
nal state strongly suppresses background from dis-
placed hadron decays, making this search largely

Filimonova, Schaefer, Westhoff 1911.03490; Kachanovich, Nierste, Nisandzic 2003.01788

Higgs portal: displaced vertex searches
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Heavy new physics

search for: virtual effects in precision observables

effective field theory: connect effects at high and low energies

global analysis: resolve structure of possible UV theories

Hidden new physics

search for: displaced objects from long-lived particle decays

portals: probe even tiny couplings through lifetime

near and far detectors: invisible versus displaced decays

Thank you!
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Matching condition: hf |LUV|ii
!
=

X

i

Ci(µ)

⇤�i
hf |Oi(µ)|ii
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C(µ) = C0 +
↵s(µ)

4⇡
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✓
⇤2

µ2

◆
+ finite

�
+O(↵2

s ln
2)
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factorization of low- and high-energy parts:

1 +
↵s(µ)

4⇡
ln

✓
⇤2

�p2

◆
=


1 +

↵s(µ)

4⇡
ln

✓
⇤2

µ2

◆�
1 +

↵s(µ)

4⇡
ln

✓
µ2

�p2

◆�
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cutoff dependence:

running: RGE of ↵n
s lnn
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-  resummation of 
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Figure 2: Feynman diagrams for SMEFT-to-WET matching in b ! s transitions at one-

loop level. On the left we show possible two-quark operator insertions (circles) in a tW

loop (a) and a sZ or bZ loop (b). Here X is either an on-shell photon or gluon (C7, C8),

or an o↵-shell photon or Z boson coupling to a muon pair (C9, C10). On the right we

show possible four-quark operator insertions. The two circles specify the quark currents.

Contributions to C9 and C10 are due to F (�)
qq and F (1)

qu (c), as well as F (3)
qq (d).

a series of examples.

The SMEFT dipole operators with right-handed down quarks, OdX , match onto the

WET operators O7(0) and O8(0) at tree level and at one-loop level. Compared to the SM

contribution, e↵ects of these operators on C7 and C8 are chirally enhanced by mW /mb.

This enhancement makes C7 and C8 and in general also C70 and C80 very sensitive probes

of SMEFT dipole operators. In MFV all operator contributions with right-handed

bottom quarks are suppressed by yb. This suppression lifts the chiral enhancement in the

matching relation, but still leaves a sizeable e↵ect of CdX in C7 and C8. Thanks to the

chiral enhancement, b ! s observables are sensitive to yb-suppressed flavor structures at

tree level, unlike top observables, where no such enhancement occurs. E↵ects of CdX in

C70 and C80 in MFV are suppressed by ys, and we neglect them in our analysis. In Tab. 10

in App. B, we list all SMEFT-to-WET matching relations with a non-trivial dependence

on the quark masses and Yukawa couplings.

Operators with right-handed up-type quarks only appear in the SMEFT-to-WET matching

at the one-loop level.

Operators with left-handed quarks, O(1)
�q and O(3)

�q , match onto O9 and O10 at tree level and

onto O7�10 at one-loop level. The corresponding Wilson coe�cients modify the neutral

and charged weak currents with left-handed quarks as

uLūLZ : C(1)
�q � C(3)

�q , dLd̄LZ : C(1)
�q + C(3)

�q , qLq̄
0
LW : C(3)

�q . (3.10)

The various contributions of C(1)
�q and C(3)

�q to C9 and C10 are

tree level : C(1),kk
�q + C(3),kk

�q (3.11)

tW loop : C(1),33
�q � C(3),33

�q , C(3),3k
�q

bZ, sZ loop : C(1),kk
�q + C(3),kk

�q ,

– 16 –

Z
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Figure 2: Feynman diagrams for SMEFT-to-WET matching in b ! s transitions at one-

loop level. On the left we show possible two-quark operator insertions (circles) in a tW

loop (a) and a sZ or bZ loop (b). Here X is either an on-shell photon or gluon (C7, C8),

or an o↵-shell photon or Z boson coupling to a muon pair (C9, C10). On the right we

show possible four-quark operator insertions. The two circles specify the quark currents.

Contributions to C9 and C10 are due to F (�)
qq and F (1)

qu (c), as well as F (3)
qq (d).

a series of examples.

The SMEFT dipole operators with right-handed down quarks, OdX , match onto the

WET operators O7(0) and O8(0) at tree level and at one-loop level. Compared to the SM

contribution, e↵ects of these operators on C7 and C8 are chirally enhanced by mW /mb.

This enhancement makes C7 and C8 and in general also C70 and C80 very sensitive probes

of SMEFT dipole operators. In MFV all operator contributions with right-handed

bottom quarks are suppressed by yb. This suppression lifts the chiral enhancement in the

matching relation, but still leaves a sizeable e↵ect of CdX in C7 and C8. Thanks to the

chiral enhancement, b ! s observables are sensitive to yb-suppressed flavor structures at

tree level, unlike top observables, where no such enhancement occurs. E↵ects of CdX in

C70 and C80 in MFV are suppressed by ys, and we neglect them in our analysis. In Tab. 10

in App. B, we list all SMEFT-to-WET matching relations with a non-trivial dependence

on the quark masses and Yukawa couplings.

Operators with right-handed up-type quarks only appear in the SMEFT-to-WET matching

at the one-loop level.

Operators with left-handed quarks, O(1)
�q and O(3)

�q , match onto O9 and O10 at tree level and

onto O7�10 at one-loop level. The corresponding Wilson coe�cients modify the neutral

and charged weak currents with left-handed quarks as

uLūLZ : C(1)
�q � C(3)

�q , dLd̄LZ : C(1)
�q + C(3)

�q , qLq̄
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loop level. On the left we show possible two-quark operator insertions (circles) in a tW

loop (a) and a sZ or bZ loop (b). Here X is either an on-shell photon or gluon (C7, C8),

or an o↵-shell photon or Z boson coupling to a muon pair (C9, C10). On the right we

show possible four-quark operator insertions. The two circles specify the quark currents.

Contributions to C9 and C10 are due to F (�)
qq and F (1)

qu (c), as well as F (3)
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a series of examples.

The SMEFT dipole operators with right-handed down quarks, OdX , match onto the

WET operators O7(0) and O8(0) at tree level and at one-loop level. Compared to the SM

contribution, e↵ects of these operators on C7 and C8 are chirally enhanced by mW /mb.

This enhancement makes C7 and C8 and in general also C70 and C80 very sensitive probes
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loop level. On the left we show possible two-quark operator insertions (circles) in a tW

loop (a) and a sZ or bZ loop (b). Here X is either an on-shell photon or gluon (C7, C8),

or an o↵-shell photon or Z boson coupling to a muon pair (C9, C10). On the right we

show possible four-quark operator insertions. The two circles specify the quark currents.

Contributions to C9 and C10 are due to F (�)
qq and F (1)

qu (c), as well as F (3)
qq (d).

a series of examples.

The SMEFT dipole operators with right-handed down quarks, OdX , match onto the

WET operators O7(0) and O8(0) at tree level and at one-loop level. Compared to the SM

contribution, e↵ects of these operators on C7 and C8 are chirally enhanced by mW /mb.

This enhancement makes C7 and C8 and in general also C70 and C80 very sensitive probes

of SMEFT dipole operators. In MFV all operator contributions with right-handed

bottom quarks are suppressed by yb. This suppression lifts the chiral enhancement in the

matching relation, but still leaves a sizeable e↵ect of CdX in C7 and C8. Thanks to the

chiral enhancement, b ! s observables are sensitive to yb-suppressed flavor structures at

tree level, unlike top observables, where no such enhancement occurs. E↵ects of CdX in

C70 and C80 in MFV are suppressed by ys, and we neglect them in our analysis. In Tab. 10

in App. B, we list all SMEFT-to-WET matching relations with a non-trivial dependence

on the quark masses and Yukawa couplings.

Operators with right-handed up-type quarks only appear in the SMEFT-to-WET matching

at the one-loop level.

Operators with left-handed quarks, O(1)
�q and O(3)

�q , match onto O9 and O10 at tree level and

onto O7�10 at one-loop level. The corresponding Wilson coe�cients modify the neutral

and charged weak currents with left-handed quarks as
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FIG. 2: Dark Higgs branching fractions as a function of m�. Adapted from Ref. [8].

the vector boson fusion processes qq ! qq�.1 In principle, such processes could extend the
reach of FASER to masses m� > mB. We have checked, however, that, for currently viable
values of dark Higgs parameters, such processes do not contribute significantly to dark Higgs
rates in FASER, and so we focus instead on the meson decay processes in this study.

1. B Decays

Single dark Higgs bosons may be produced in meson decays through �–h mixing. The
rates are proportional to ✓

2 and, since the dark Higgs inherits the couplings of the SM
Higgs, the branching ratios are largest for processes involving heavy flavors, in particular,
B mesons.

The inclusive decay of B mesons into dark Higgs bosons is dominated by the parton-level
process b ! s� containing a t–W loop, with the � radiated from the top quark. Uncertainties
from strong interaction e↵ects are minimized in the ratio [20, 21]

�(B ! Xs�)

�(B ! Xce⌫)
=

�(b ! s�)

�(b ! ce⌫)
=
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where Xs,c denote any strange and charm hadronic state, and fc/b ' 0.51. Given B(B !
Xce⌫) = 0.104 for both B

0 and B
±, and since the total width is ✓-independent for ✓ ⌧ 1,

we find

B(B ! Xs�) ' 5.7

✓
1�

m
2

�

m
2

b

◆2

✓
2
. (6)

1 The contributions from processes such as gluon-gluon fusion cannot be reliably estimated, since the parton

distribution functions su↵er from large uncertainties when the light dark Higgs is produced in the forward

direction [2].
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3

and semi-leptonic B tags. However, the derived
bounds on the branching ratio B(B ! K⌫⌫̄) rely
on the three-body kinematics of the standard-model
process, so that we cannot reinterpret them for the
two-body decays B ! KS(! ��̄). 2 BaBar pro-
vides model-independent bounds on the B ! K /E

distribution in bins of the momentum transfer q
2 =

(pB �pK)2 [33]. Since the momentum distribution in
B ! K��̄ peaks sharply around the scalar resonance
q
2 = m

2
S , we combine the three bins with the largest

predicted rates and add uncertainties in quadrature.
The resulting bounds on the parameter space {mS , ✓}

are shown in Fig. 1, excluding mixing angles larger
than ✓ ⇡ 0.006 at the 95% CL.

At Belle II, we expect a higher sensitivity to dark
scalars due to the much larger data set. A dedicated
simulation of B ! K⌫⌫̄ predicts that with 50/ab of
data Belle II can measure the branching ratio with
about 10% precision [37]. Since the dependence of
this prediction on three-body kinematics has been re-
duced by choosing di↵erent selection variables, we can
use it to estimate the reach for dark scalars. In Fig. 1
we show that Belle II can probe scalars with mixing
angles down to ✓ ⇡ 10�3 and masses mS > mB�mK

beyond the resonance region. To optimize the sen-
sitivity for light resonances in B ! K /E and dis-
tinguish them from the standard-model background
B ! K⌫⌫̄, we suggest to perform a dedicated search
for two-body contributions of B ! KS(! ��̄) in
B ! K /E decays.

Light scalars can also be probed in searches for
K ! ⇡⌫⌫̄ at fixed-target experiments. The currently
strongest bound on B(K+

! ⇡
+ /E) by E949 [38] ex-

cludes the blue region in Fig. 1 at 95% CL. NA62 has
the potential to improve the sensitivity by more than
a factor of two [39, 40].

In addition to B ! K��̄ and K ! ⇡��̄, dark
sectors can induce fully invisible meson decays [24,
30]. In our model the branching ratio is (q = s, d)

B(Bq ! ��̄) =
f
2
Bq

m
5
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2

,

where �Bq and fBq are the total decay rate and the
hadronic decay constant of the Bq meson and we
have neglected m� in the last relation. Belle [41]
and BaBar [43] have searched for invisible Bd decays.

2 A similar observation has been made by [36] in search of
stable axions in B ! K /E.
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FIG. 1: Searches for invisibly decaying dark scalars.
Shaded regions are excluded by searches for B ! K /E [33]
(yellow) at BaBar and Bd ! /E [41] (green) at Belle,
K ! ⇡ /E [38] (blue) at E949, and invisible Higgs decays
h ! inv (grey) at the LHC [42]. Dashed lines show pro-
jections for rare meson decays at Belle II (yellow, green,
red) and NA62 (blue), and for h ! inv (light grey) and
the Higgs signal strength µ (dark grey) at the HL-LHC.
The mass and coupling of dark fermions are set to m� = 0
and y� = 1.

The currently strongest upper bound B(Bd ! /E) <
1.4 ⇥ 10�5 [41] excludes dark scalars around the Bd

meson mass, as shown in Fig. 1. Unlike resonant
B ! K��̄ decays, the sensitivity of Bd ! ��̄ de-
pends on the coupling and mass of the dark fermions,
see Eq. (9). Using projections for Belle II [37], we
show that searches for Bd ! /E and Bs ! /E can ex-
tend the reach for invisibly decaying scalars by about
an order of magnitude.

Independent bounds on dark scalars can finally be
derived from Higgs observables at the LHC [44, 45].
Scalar mixing induces invisible Higgs decays h ! ��̄

with a branching ratio

B(h ! inv) =
s
2
✓�

h
��̄

c
2
✓�

h
SM + s

2
✓�

h
��̄

, (10)

where �h
SM is the total Higgs width in the standard

model and �h
��̄ is the partial decay width to dark

fermions, defined as in Eq. (4) with mS ! mh.
The current upper bound on invisible Higgs decays,
B(h ! inv) < 0.22 [42] excludes mixing angles larger
than ✓ = 0.015 at 95% CL. Projections for the HL-
LHC predict an extended reach to ✓ = 0.005.
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3-body decay

signal: meson + missing energy
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Fig. 4: Left: upper limits on BR(K+
! ⇡+X) for each mass hypothesis, mX , tested. Right:

model-independent observed upper limits as functions of the mass and lifetime assumed for X
for NA62 (this work, solid lines) and E787/E949 [23] (dashed lines).

K+
! ⇡+X decays with branching ratio proportional to sin2 ✓. The constraints derived on

sin2 ✓ from this search, alongside results from other studies, are shown in Fig. 5.
In a scenario whereX is an ALP with couplings proportional to SM Yukawa couplings (model

BC10 [1,14]) the K+
! ⇡+X decay occurs with a branching ratio proportional to the square of

the coupling constant gY . The constraints on gY derived from this and other searches are shown
in Fig. 6.

If X decays only to invisible particles, such as dark matter, bounds on the coupling pa-
rameter (sin2 ✓ or gY for the scalar and ALP models, respectively) are directly derived from
its relationship with the branching ratio, with results shown in the right-hand panels of Figs. 5
and 6. If X decays only to visible SM particles, ⌧X is inversely proportional to the coupling
parameters [14, 24], limiting the reach of this analysis for large coupling because of lower ac-
ceptance for shorter lifetimes. The X ! e+e� decays dominate the visible decay width up to
the di-muon threshold beyond which an additional channel opens and ⌧X decreases, limiting the
sensitivity of this search. The model-dependent relationship between the lifetime and coupling
therefore determines the shape of the exclusion regions shown in the left-hand panels of Figs. 5
and 6.

7 Conclusions

A search for the K+
! ⇡+X decay, where X is a long-lived feebly interacting particle, is

performed through an interpretation of the K+
! ⇡+⌫⌫̄ analysis of data collected in 2017 by

the NA62 experiment at CERN. Two candidate K+
! ⇡+X events are observed, in agreement

with the expected background. Upper limits on BR(K+
! ⇡+X) are established at 90% CL,

with the strongest limits of 5⇥ 10�11 at large X masses (160–250MeV/c2) and long X lifetimes
(> 5 ns), improving on current results by up to a factor of O(10). An interpretation of these
results to constrain BSM models is presented in scenarios where X is a dark scalar mixing with
the Higgs boson or is an ALP with couplings to fermions.
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