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most successful description of the fundamental interactions between 
elementary particles (up to this date!)

several confirmed experimental predictions 

Introduction and Motivations

SM gauge group



4

Standard 
Model (SM)

most successful description of the fundamental interactions between 
elementary particles (up to this date!)

several confirmed experimental predictions 

However… it cannot be the final theory of Nature!

There are several problems
and unanswered questions

Hierarchy Problem

Neutrino Masses

Dark Matter candidates

?

How can we find a solution?

We need to rely on Beyond the Standard Model (BSM) theories

+ ⋯

Introduction and Motivations

SM gauge group
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How can we search for light particle BSM signals?
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How can we search for light particle BSM signals?

Standard 
Model

Light
Dark Sector

PORTAL

Suppose we have particles 𝜒 and 𝜒̅ in the dark sector

natural possibility:

𝜒̅

𝜒
𝑍

couple to the gauge bosons of weak interactions

SM

SM

However…

<latexit sha1_base64="Fl1BQH4WoDg5h2TWd/x7tDJdSdM=">AAACHXicbZDLSgMxFIYz9VbrbdSlm2ARXJWZUqrLohuXFewFO9OSSTNtaJIZkkyhDPMibnwVNy4UceFGfBvTC6KtPwQ+/nMOJ+cPYkaVdpwvK7e2vrG5ld8u7Ozu7R/Yh0dNFSUSkwaOWCTbAVKEUUEammpG2rEkiAeMtILR9bTeGhOpaCTu9CQmPkcDQUOKkTZWz654DIkBI9BTdMARHENP/hgceqFEOOU9Dw9pt5wZuu9Wsp5ddErOTHAV3AUUwUL1nv3h9SOccCI0ZkipjuvE2k+R1BQzkhW8RJEY4REakI5BgThRfjq7LoNnxunDMJLmCQ1n7u+JFHGlJjwwnRzpoVquTc3/ap1Eh5d+SkWcaCLwfFGYMKgjOI0K9qkkWLOJAYQlNX+FeIhMINoEWjAhuMsnr0KzXHKrpeptpVi7WsSRByfgFJwDF1yAGrgBddAAGDyAJ/ACXq1H69l6s97nrTlrMXMM/sj6/AZQgaIW</latexit>
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m2

�

m4
Z

which means that lowering
the DM mass decreases the
thermal-average cross section

→ DM is overproduced! 

Lee-Weinberg bound

<latexit sha1_base64="vHL5eFCiRwTny28oaGYH5kvoRBA=">AAACBnicbVDLSsNAFL3xWesr6lKEwSK4kJIUqS6LLnRZwT6gCWEynbZDZ5IwMxFK6MqNv+LGhSJu/QZ3/o3TNgttPTBwOOdc7twTJpwp7Tjf1tLyyuraemGjuLm1vbNr7+03VZxKQhsk5rFsh1hRziLa0Exz2k4kxSLktBUOryd+64FKxeLoXo8S6gvcj1iPEayNFNhHIvDIgCGvr01IoAryzlDmSYFuaHMc2CWn7EyBFombkxLkqAf2l9eNSSpopAnHSnVcJ9F+hqVmhNNx0UsVTTAZ4j7tGBphQZWfTc8YoxOjdFEvluZFGk3V3xMZFkqNRGiSAuuBmvcm4n9eJ9W9Sz9jUZJqGpHZol7KkY7RpBPUZZISzUeGYCKZ+SsiAywx0aa5oinBnT95kTQrZbdart6dl2pXeR0FOIRjOAUXLqAGt1CHBhB4hGd4hTfryXqx3q2PWXTJymcO4A+szx87O5e1</latexit>
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How can we search for light particle BSM signals?

Standard 
Model

Light
Dark Sector

DARK
PORTAL

So, how can we explore sub-GeV dark sectors?

solution: inclusion of new light dark sector mediator states! 

These light mediators will act as portals between the dark sector and the SM. 

Lee-Weinberg bound

<latexit sha1_base64="vHL5eFCiRwTny28oaGYH5kvoRBA=">AAACBnicbVDLSsNAFL3xWesr6lKEwSK4kJIUqS6LLnRZwT6gCWEynbZDZ5IwMxFK6MqNv+LGhSJu/QZ3/o3TNgttPTBwOOdc7twTJpwp7Tjf1tLyyuraemGjuLm1vbNr7+03VZxKQhsk5rFsh1hRziLa0Exz2k4kxSLktBUOryd+64FKxeLoXo8S6gvcj1iPEayNFNhHIvDIgCGvr01IoAryzlDmSYFuaHMc2CWn7EyBFombkxLkqAf2l9eNSSpopAnHSnVcJ9F+hqVmhNNx0UsVTTAZ4j7tGBphQZWfTc8YoxOjdFEvluZFGk3V3xMZFkqNRGiSAuuBmvcm4n9eJ9W9Sz9jUZJqGpHZol7KkY7RpBPUZZISzUeGYCKZ+SsiAywx0aa5oinBnT95kTQrZbdart6dl2pXeR0FOIRjOAUXLqAGt1CHBhB4hGd4hTfryXqx3q2PWXTJymcO4A+szx87O5e1</latexit>
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How can we search for light particle BSM signals?

Standard 
Model Dark Sector

PORTAL ?
?

??
?

??
?

?

Vector Portal
Scalar Portal Neutrino Portal 

ALP Portal

dark boson
dark Higgs Heavy Neutral Lepton

a photons

leptons

⋯

axion-like-particle

⋯

higher dimension

r e n o r m a l i z a b le

Introduction and Motivations
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How can we search for light particle BSM signals?

Standard 
Model Dark Sector

PORTAL

Vector Portal
Scalar Portal Neutrino Portal 

ALP Portal

dark boson
dark Higgs Heavy Neutral Lepton

a photons

leptons

⋯

axion-like-particle

⋯

Inelastic 
Dark Matter
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Theoretical Framework

Inelastic Dark Matter Inelastic 
Dark Matter
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Dark Sector

two-component Weyl 
fermions forming a Dirac pair

new vector mediator coming from a spontaneously 
broken U(1)Q	 abelian gauge symmetry

(iDM)

𝑍!

𝜒! 𝜒"⇒
pseudo-Dirac pair
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Theoretical Framework

Inelastic Dark Matter Inelastic 
Dark Matter
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Dark Sector

two-component Weyl 
fermions forming a Dirac pair

From the diagonalization of the fermion mass terms

(iDM)

𝜒! 𝜒"⇒
pseudo-Dirac pair

mass 
eigenstates⇒

⇒

pseudo-Dirac pair with nearly degenerate masses

new vector mediator coming from a spontaneously 
broken U(1)Q	 abelian gauge symmetry

Dirac Majorana

with
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Theoretical Framework

Inelastic Dark Matter Inelastic 
Dark Matter

𝜒!
𝜒"

Dark Sector

two-component Weyl 
fermions forming a Dirac pair

From the diagonalization of the fermion mass terms

(iDM)

𝜒! 𝜒"⇒
pseudo-Dirac pair

mass 
eigenstates⇒

pseudo-Dirac pair with nearly degenerate masses

⇒

Mass splitting

Dark Matter
new vector mediator coming from a spontaneously 
broken U(1)Q	 abelian gauge symmetry

Dirac Majorana

with

𝑍!
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Theoretical Framework

Inelastic Dark Matter

The interaction term with the mediator turns to be off-diagonal

𝑍!
𝜒̅"

𝜒#

x
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Theoretical Framework

Inelastic Dark Matter

The interaction term with the mediator turns to be off-diagonal

Motivations

Thermal relics: DM abundance can be computed via thermal freeze-out.

𝑍!
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x
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Theoretical Framework

Inelastic Dark Matter

The interaction term with the mediator turns to be off-diagonal

Motivations

Thermal relics: DM abundance can be computed via thermal freeze-out.

The heavier state 𝜒" can decay into the DM candidate 𝜒!, depleting its abundance

⇒ no present-day population of heavier states to co-annihilate with the DM 

⇒ similarly, direct detection signals depend on up-scatter of the light state, which is kinematically suppressed

avoid indirect detection signals→

Evades indirect and direct detection experimental limits

𝑍!
𝜒̅"

𝜒#

x
𝑔!
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Theoretical Framework

Inelastic Dark Matter

The interaction term with the mediator turns to be off-diagonal

Motivations

Thermal relics: DM abundance can be computed via thermal freeze-out.

The heavier state 𝜒" can decay into the DM candidate 𝜒!, depleting its abundance

⇒ no present-day population of heavier states to co-annihilate with the DM 

⇒ similarly, direct detection signals depend on up-scatter of the light state, which is kinematically suppressed

avoid indirect detection signals→

Evades stringent CMB limits

Since the abundance of 𝜒# is already reduced during recombination era, coannihilations that would inject energy into 
the plasma are suppressed.

Evades indirect and direct detection experimental limits

𝑍!
𝜒̅"

𝜒#

x
𝑔!
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Theoretical Framework

Inelastic Dark Matter

The interaction term with the mediator turns to be off-diagonal

What’s new?
• In the literature: only considered the minimal scenario with a secluded dark photon portal  𝑍$

However… this case has been nearly completely ruled out by experimental limits... 

𝑍!
𝜒̅"

𝜒#

x
𝑔!
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Theoretical Framework

Inelastic Dark Matter

The interaction term with the mediator turns to be off-diagonal

𝑍!
𝜒̅"

𝜒#

What’s new?
• This work: we consider the case of generic charges for the U(1)Q		group

vector mediator also couples to the SM via
direct terms depending on the choice of charge  

⇒

x
𝑔!
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Theoretical Framework

Inelastic Dark Matter

The interaction term with the mediator turns to be off-diagonal

𝑍!
𝜒̅"

𝜒#

What’s new?
• This work: we consider the case of generic charges for the U(1)Q		group

vector mediator also couples to the SM via
direct terms depending on the choice of charge  

⇒

x
𝑔!

iDMQ
models

free parameters:
<latexit sha1_base64="+BnIPJVWkWaezqRAQSEHjt5Mb7E=">AAACGnicbZDLSgMxFIYz9VbrbdSlm2ARXJQyI1JdFu3CZSv2gp0ynEnTNjRzIckIZehzuPFV3LhQxJ248W1Mp7PQ1gMJH/9/Dsn5vYgzqSzr28itrK6tb+Q3C1vbO7t75v5BS4axILRJQh6KjgeSchbQpmKK004kKPgep21vfD3z2w9USBYGd2oS0Z4Pw4ANGAGlJde0se8m925jWsJOCd+mt1OjXEFJEx66DTzXgEcjcGsYu2bRKltp4WWwMyiirOqu+en0QxL7NFCEg5Rd24pULwGhGOF0WnBiSSMgYxjSrsYAfCp7SbraFJ9opY8HodAnUDhVf08k4Es58T3d6YMayUVvJv7ndWM1uOwlLIhiRQMyf2gQc6xCPMsJ95mgRPGJBiCC6b9iMgIBROk0CzoEe3HlZWidle1KudI4L1avsjjy6Agdo1NkowtURTeojpqIoEf0jF7Rm/FkvBjvxse8NWdkM4foTxlfP+ggnHI=</latexit>
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Decay rates · Mediator

Inelastic Dark Matter · Decay Rates

𝑍! x
𝑔$

𝑓

̅𝑓
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Decay rates · Dark fermion 𝜒#
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Inelastic Dark Matter · Decay Rates



31

Decay rates · Dark fermion 𝜒#

Inelastic Dark Matter · Decay Rates
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Inelastic Dark Matter · Relic Density Computation

Boltzmann Equation
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Inelastic Dark Matter · Relic Density Computation

Boltzmann Equation
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b) �2 �2 ! �1 �1

<latexit sha1_base64="/lXTFuhQC6lkqyXQ9pnEwVperCM=">AAACHnicbZDLSgMxFIYz9VbrbdSlm2ARFKTMFG+4KrpxWcFeoDMMmTTThiaZIckIZeiTuPFV3LhQRHClb2PazqK2/hD4+c45nJw/TBhV2nF+rMLS8srqWnG9tLG5tb1j7+41VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0goHt+N665FIRWPxoIcJ8TnqCRpRjLRBgX2eeZJDfDKC3jX0cJ8GVeidwsyjGkbQUB1PsTuLA7vsVJyJ4KJxc1MGueqB/eV1Y5xyIjRmSKmO6yTaz5DUFDMyKnmpIgnCA9QjHWMF4kT52eS8ETwypAujWJonNJzQ2YkMcaWGPDSdHOm+mq+N4X+1TqqjKz+jIkk1EXi6KEoZNDePs4JdKgnWbGgMwpKav0LcRxJhbRItmRDc+ZMXTbNacS8q7v1ZuXaTx1EEB+AQHAMXXIIauAN10AAYPIEX8AberWfr1fqwPqetBSuf2Qd/ZH3/Aj09n3Y=</latexit>

c) �2 f ! �1 f

<latexit sha1_base64="/B/YAyY4zVKsGnAJQcNPHLDeo78=">AAACH3icbZDLSsNAFIYn9VbrLerSzWARFKQkRarLohs3QkV7gSaEyXTSDp1MwsxEKKFv4sZXceNCEXHXt3GahqKtBwY+/vMfzpzfjxmVyrImRmFldW19o7hZ2tre2d0z9w9aMkoEJk0csUh0fCQJo5w0FVWMdGJBUOgz0vaHN9N++4kISSP+qEYxcUPU5zSgGCkteWYtdUQI0dkYOufQwQPq2XOqQkdFMDM83GWGOXtm2apYWcFlsHMog7wanvnt9CKchIQrzJCUXduKlZsioShmZFxyEklihIeoT7oaOQqJdNPsvjE80UoPBpHQjyuYqb8nUhRKOQp97QyRGsjF3lT8r9dNVHDlppTHiSIczxYFCYP67GlYsEcFwYqNNCAsqP4rxAMkEFY60pIOwV48eRla1Ypdq9j3F+X6dR5HERyBY3AKbHAJ6uAWNEATYPAMXsE7+DBejDfj0/iaWQtGPnMI/pQx+QHe0J/I</latexit>

a)�1 �2 ! SMSM

<latexit sha1_base64="wOdE9lF8m9kecFVzMjFG9OAcwZI=">AAACMnicbVBLSwMxGMz6rPW16tFLsAgqUnaLqHgqetGD0KJ9YLcu2TTbhmYfJFmhLPubvPhLBA96UMSrP8J0u4c+HAhMZr4h+cYJGRXSMN61ufmFxaXl3Ep+dW19Y1Pf2q6LIOKY1HDAAt50kCCM+qQmqWSkGXKCPIeRhtO/GvqNJ8IFDfx7OQhJ20Ndn7oUI6kkW7+JLe7BzmECrQto4R61SxBaMhhxEz7Y1cejccE6hmnk7hYmExdbLxhFIwWcJWZGCiBDxdZfrU6AI4/4EjMkRMs0QtmOEZcUM5LkrUiQEOE+6pKWoj7yiGjH6coJ3FdKB7oBV8eXMFXHEzHyhBh4jpr0kOyJaW8o/ue1Iumet2Pqh5EkPh495EYMqgaG/cEO5QRLNlAEYU7VXyHuIY6wVC3nVQnm9MqzpF4qmqdFs3pSKF9mdeTALtgDB8AEZ6AMrkEF1AAGz+ANfIIv7UX70L61n9HonJZldsAEtN8/pummKA==</latexit>

d) �2 ! �1Z
⇤
Q ! �1 SMSM

<latexit sha1_base64="gJzxuU3jFwF9S3dDSj2tJBYeLB0=">AAACGHicbVBLS8NAGNzUV62vqEcvi0VQlJoUUY9FL16EivYBTQibzbZdunmwuxFKyM/w4l/x4kERr735b9ykQbR1YGF25vvYnXEjRoU0jC+ttLC4tLxSXq2srW9sbunbO20RxhyTFg5ZyLsuEoTRgLQklYx0I06Q7zLScUfXmd95JFzQMHiQ44jYPhoEtE8xkkpy9NPE4j70jlJonUALD6lTh5YMf25mxo5hPnV/m0JHrxo1IwecJ2ZBqqBA09Enlhfi2CeBxAwJ0TONSNoJ4pJiRtKKFQsSITxCA9JTNEA+EXaSB0vhgVI82A+5OoGEufp7I0G+EGPfVZM+kkMx62Xif14vlv1LO6FBFEsS4OlD/ZhBlTxrCXqUEyzZWBGEOVV/hXiIOMJSdVlRJZizkedJu14zz2vm3Vm1cVXUUQZ7YB8cAhNcgAa4AU3QAhg8gRfwBt61Z+1V+9A+p6MlrdjZBX+gTb4BMw+cvQ==</latexit>
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<latexit sha1_base64="VgD6EjZw+veRuBiQwb8nF6EvAlE=">AAACGXicbZDLSgMxFIYz9VbrbdSlm2ARFKRMiqi4KrpxWcFeoDMMmTTThiYzQ5IRytDXcOOruHGhiEtd+Tam7VC09YfAx3/O4eT8QcKZ0o7zbRWWlldW14rrpY3Nre0de3evqeJUEtogMY9lO8CKchbRhmaa03YiKRYBp61gcDOutx6oVCyO7vUwoZ7AvYiFjGBtLN92XCmy4GQE3Svokj7zq9A9nZGOp4hmJvLtslNxJoKLgHIog1x13/50uzFJBY004VipDnIS7WVYakY4HZXcVNEEkwHu0Y7BCAuqvGxy2QgeGacLw1iaF2k4cX9PZFgoNRSB6RRY99V8bWz+V+ukOrz0MhYlqaYRmS4KUw7NxeOYYJdJSjQfGsBEMvNXSPpYYqJNmCUTApo/eRGa1Qo6r6C7s3LtOo+jCA7AITgGCFyAGrgFddAABDyCZ/AK3qwn68V6tz6mrQUrn9kHf2R9/QDdfZ22</latexit>

b) �2 �2 ! �1 �1

<latexit sha1_base64="/lXTFuhQC6lkqyXQ9pnEwVperCM=">AAACHnicbZDLSgMxFIYz9VbrbdSlm2ARFKTMFG+4KrpxWcFeoDMMmTTThiaZIckIZeiTuPFV3LhQRHClb2PazqK2/hD4+c45nJw/TBhV2nF+rMLS8srqWnG9tLG5tb1j7+41VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0goHt+N665FIRWPxoIcJ8TnqCRpRjLRBgX2eeZJDfDKC3jX0cJ8GVeidwsyjGkbQUB1PsTuLA7vsVJyJ4KJxc1MGueqB/eV1Y5xyIjRmSKmO6yTaz5DUFDMyKnmpIgnCA9QjHWMF4kT52eS8ETwypAujWJonNJzQ2YkMcaWGPDSdHOm+mq+N4X+1TqqjKz+jIkk1EXi6KEoZNDePs4JdKgnWbGgMwpKav0LcRxJhbRItmRDc+ZMXTbNacS8q7v1ZuXaTx1EEB+AQHAMXXIIauAN10AAYPIEX8AberWfr1fqwPqetBSuf2Qd/ZH3/Aj09n3Y=</latexit>

c) �2 f ! �1 f

<latexit sha1_base64="/B/YAyY4zVKsGnAJQcNPHLDeo78=">AAACH3icbZDLSsNAFIYn9VbrLerSzWARFKQkRarLohs3QkV7gSaEyXTSDp1MwsxEKKFv4sZXceNCEXHXt3GahqKtBwY+/vMfzpzfjxmVyrImRmFldW19o7hZ2tre2d0z9w9aMkoEJk0csUh0fCQJo5w0FVWMdGJBUOgz0vaHN9N++4kISSP+qEYxcUPU5zSgGCkteWYtdUQI0dkYOufQwQPq2XOqQkdFMDM83GWGOXtm2apYWcFlsHMog7wanvnt9CKchIQrzJCUXduKlZsioShmZFxyEklihIeoT7oaOQqJdNPsvjE80UoPBpHQjyuYqb8nUhRKOQp97QyRGsjF3lT8r9dNVHDlppTHiSIczxYFCYP67GlYsEcFwYqNNCAsqP4rxAMkEFY60pIOwV48eRla1Ypdq9j3F+X6dR5HERyBY3AKbHAJ6uAWNEATYPAMXsE7+DBejDfj0/iaWQtGPnMI/pQx+QHe0J/I</latexit>

a)�1 �2 ! SMSM

<latexit sha1_base64="wOdE9lF8m9kecFVzMjFG9OAcwZI=">AAACMnicbVBLSwMxGMz6rPW16tFLsAgqUnaLqHgqetGD0KJ9YLcu2TTbhmYfJFmhLPubvPhLBA96UMSrP8J0u4c+HAhMZr4h+cYJGRXSMN61ufmFxaXl3Ep+dW19Y1Pf2q6LIOKY1HDAAt50kCCM+qQmqWSkGXKCPIeRhtO/GvqNJ8IFDfx7OQhJ20Ndn7oUI6kkW7+JLe7BzmECrQto4R61SxBaMhhxEz7Y1cejccE6hmnk7hYmExdbLxhFIwWcJWZGCiBDxdZfrU6AI4/4EjMkRMs0QtmOEZcUM5LkrUiQEOE+6pKWoj7yiGjH6coJ3FdKB7oBV8eXMFXHEzHyhBh4jpr0kOyJaW8o/ue1Iumet2Pqh5EkPh495EYMqgaG/cEO5QRLNlAEYU7VXyHuIY6wVC3nVQnm9MqzpF4qmqdFs3pSKF9mdeTALtgDB8AEZ6AMrkEF1AAGz+ANfIIv7UX70L61n9HonJZldsAEtN8/pummKA==</latexit>

d) �2 ! �1Z
⇤
Q ! �1 SMSM

<latexit sha1_base64="gJzxuU3jFwF9S3dDSj2tJBYeLB0=">AAACGHicbVBLS8NAGNzUV62vqEcvi0VQlJoUUY9FL16EivYBTQibzbZdunmwuxFKyM/w4l/x4kERr735b9ykQbR1YGF25vvYnXEjRoU0jC+ttLC4tLxSXq2srW9sbunbO20RxhyTFg5ZyLsuEoTRgLQklYx0I06Q7zLScUfXmd95JFzQMHiQ44jYPhoEtE8xkkpy9NPE4j70jlJonUALD6lTh5YMf25mxo5hPnV/m0JHrxo1IwecJ2ZBqqBA09Enlhfi2CeBxAwJ0TONSNoJ4pJiRtKKFQsSITxCA9JTNEA+EXaSB0vhgVI82A+5OoGEufp7I0G+EGPfVZM+kkMx62Xif14vlv1LO6FBFEsS4OlD/ZhBlTxrCXqUEyzZWBGEOVV/hXiIOMJSdVlRJZizkedJu14zz2vm3Vm1cVXUUQZ7YB8cAhNcgAa4AU3QAhg8gRfwBt61Z+1V+9A+p6MlrdjZBX+gTb4BMw+cvQ==</latexit>

d)�2 ! �1 + SM

χ̄1

χ2

ZQ

f̄

f

χ2

χ1

ZQ

f̄

f

χ2 χ1

f f

χ2 χ1

χ2 χ1

a) b)

c) d)

gD gQ

gD

gQ

gD

gQ

gD

gD

ZQ ZQ

χ̄1

χ2

ZQ

f̄

f

χ2

χ1

ZQ

f̄

f

χ2 χ1

f f

χ2 χ1

χ2 χ1

a) b)

c) d)

gD gQ

gD

gQ

gD

gQ

gD

gD

ZQ ZQ

χ̄1

χ2

ZQ

f̄

f

χ2

χ1

ZQ

f̄

f

χ2 χ1

f f

χ2 χ1

χ2 χ1

a) b)

c) d)

gD gQ

gD

gQ

gD

gQ

gD

gD

ZQ ZQ

χ̄1

χ2

ZQ

f̄

f

χ2

χ1

ZQ

f̄

f

χ2 χ1

f f

χ2 χ1

χ2 χ1

a) b)

c) d)

gD gQ

gD

gQ

gD

gQ

gD

gD

ZQ ZQ

<latexit sha1_base64="VgD6EjZw+veRuBiQwb8nF6EvAlE=">AAACGXicbZDLSgMxFIYz9VbrbdSlm2ARFKRMiqi4KrpxWcFeoDMMmTTThiYzQ5IRytDXcOOruHGhiEtd+Tam7VC09YfAx3/O4eT8QcKZ0o7zbRWWlldW14rrpY3Nre0de3evqeJUEtogMY9lO8CKchbRhmaa03YiKRYBp61gcDOutx6oVCyO7vUwoZ7AvYiFjGBtLN92XCmy4GQE3Svokj7zq9A9nZGOp4hmJvLtslNxJoKLgHIog1x13/50uzFJBY004VipDnIS7WVYakY4HZXcVNEEkwHu0Y7BCAuqvGxy2QgeGacLw1iaF2k4cX9PZFgoNRSB6RRY99V8bWz+V+ukOrz0MhYlqaYRmS4KUw7NxeOYYJdJSjQfGsBEMvNXSPpYYqJNmCUTApo/eRGa1Qo6r6C7s3LtOo+jCA7AITgGCFyAGrgFddAABDyCZ/AK3qwn68V6tz6mrQUrn9kHf2R9/QDdfZ22</latexit>

b) �2 �2 ! �1 �1

<latexit sha1_base64="/lXTFuhQC6lkqyXQ9pnEwVperCM=">AAACHnicbZDLSgMxFIYz9VbrbdSlm2ARFKTMFG+4KrpxWcFeoDMMmTTThiaZIckIZeiTuPFV3LhQRHClb2PazqK2/hD4+c45nJw/TBhV2nF+rMLS8srqWnG9tLG5tb1j7+41VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0goHt+N665FIRWPxoIcJ8TnqCRpRjLRBgX2eeZJDfDKC3jX0cJ8GVeidwsyjGkbQUB1PsTuLA7vsVJyJ4KJxc1MGueqB/eV1Y5xyIjRmSKmO6yTaz5DUFDMyKnmpIgnCA9QjHWMF4kT52eS8ETwypAujWJonNJzQ2YkMcaWGPDSdHOm+mq+N4X+1TqqjKz+jIkk1EXi6KEoZNDePs4JdKgnWbGgMwpKav0LcRxJhbRItmRDc+ZMXTbNacS8q7v1ZuXaTx1EEB+AQHAMXXIIauAN10AAYPIEX8AberWfr1fqwPqetBSuf2Qd/ZH3/Aj09n3Y=</latexit>

c) �2 f ! �1 f

<latexit sha1_base64="/B/YAyY4zVKsGnAJQcNPHLDeo78=">AAACH3icbZDLSsNAFIYn9VbrLerSzWARFKQkRarLohs3QkV7gSaEyXTSDp1MwsxEKKFv4sZXceNCEXHXt3GahqKtBwY+/vMfzpzfjxmVyrImRmFldW19o7hZ2tre2d0z9w9aMkoEJk0csUh0fCQJo5w0FVWMdGJBUOgz0vaHN9N++4kISSP+qEYxcUPU5zSgGCkteWYtdUQI0dkYOufQwQPq2XOqQkdFMDM83GWGOXtm2apYWcFlsHMog7wanvnt9CKchIQrzJCUXduKlZsioShmZFxyEklihIeoT7oaOQqJdNPsvjE80UoPBpHQjyuYqb8nUhRKOQp97QyRGsjF3lT8r9dNVHDlppTHiSIczxYFCYP67GlYsEcFwYqNNCAsqP4rxAMkEFY60pIOwV48eRla1Ypdq9j3F+X6dR5HERyBY3AKbHAJ6uAWNEATYPAMXsE7+DBejDfj0/iaWQtGPnMI/pQx+QHe0J/I</latexit>

a)�1 �2 ! SMSM

<latexit sha1_base64="wOdE9lF8m9kecFVzMjFG9OAcwZI=">AAACMnicbVBLSwMxGMz6rPW16tFLsAgqUnaLqHgqetGD0KJ9YLcu2TTbhmYfJFmhLPubvPhLBA96UMSrP8J0u4c+HAhMZr4h+cYJGRXSMN61ufmFxaXl3Ep+dW19Y1Pf2q6LIOKY1HDAAt50kCCM+qQmqWSkGXKCPIeRhtO/GvqNJ8IFDfx7OQhJ20Ndn7oUI6kkW7+JLe7BzmECrQto4R61SxBaMhhxEz7Y1cejccE6hmnk7hYmExdbLxhFIwWcJWZGCiBDxdZfrU6AI4/4EjMkRMs0QtmOEZcUM5LkrUiQEOE+6pKWoj7yiGjH6coJ3FdKB7oBV8eXMFXHEzHyhBh4jpr0kOyJaW8o/ue1Iumet2Pqh5EkPh495EYMqgaG/cEO5QRLNlAEYU7VXyHuIY6wVC3nVQnm9MqzpF4qmqdFs3pSKF9mdeTALtgDB8AEZ6AMrkEF1AAGz+ANfIIv7UX70L61n9HonJZldsAEtN8/pummKA==</latexit>

d) �2 ! �1Z
⇤
Q ! �1 SMSM

<latexit sha1_base64="gJzxuU3jFwF9S3dDSj2tJBYeLB0=">AAACGHicbVBLS8NAGNzUV62vqEcvi0VQlJoUUY9FL16EivYBTQibzbZdunmwuxFKyM/w4l/x4kERr735b9ykQbR1YGF25vvYnXEjRoU0jC+ttLC4tLxSXq2srW9sbunbO20RxhyTFg5ZyLsuEoTRgLQklYx0I06Q7zLScUfXmd95JFzQMHiQ44jYPhoEtE8xkkpy9NPE4j70jlJonUALD6lTh5YMf25mxo5hPnV/m0JHrxo1IwecJ2ZBqqBA09Enlhfi2CeBxAwJ0TONSNoJ4pJiRtKKFQsSITxCA9JTNEA+EXaSB0vhgVI82A+5OoGEufp7I0G+EGPfVZM+kkMx62Xif14vlv1LO6FBFEsS4OlD/ZhBlTxrCXqUEyzZWBGEOVV/hXiIOMJSdVlRJZizkedJu14zz2vm3Vm1cVXUUQZ7YB8cAhNcgAa4AU3QAhg8gRfwBt61Z+1V+9A+p6MlrdjZBX+gTb4BMw+cvQ==</latexit>
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<latexit sha1_base64="VgD6EjZw+veRuBiQwb8nF6EvAlE=">AAACGXicbZDLSgMxFIYz9VbrbdSlm2ARFKRMiqi4KrpxWcFeoDMMmTTThiYzQ5IRytDXcOOruHGhiEtd+Tam7VC09YfAx3/O4eT8QcKZ0o7zbRWWlldW14rrpY3Nre0de3evqeJUEtogMY9lO8CKchbRhmaa03YiKRYBp61gcDOutx6oVCyO7vUwoZ7AvYiFjGBtLN92XCmy4GQE3Svokj7zq9A9nZGOp4hmJvLtslNxJoKLgHIog1x13/50uzFJBY004VipDnIS7WVYakY4HZXcVNEEkwHu0Y7BCAuqvGxy2QgeGacLw1iaF2k4cX9PZFgoNRSB6RRY99V8bWz+V+ukOrz0MhYlqaYRmS4KUw7NxeOYYJdJSjQfGsBEMvNXSPpYYqJNmCUTApo/eRGa1Qo6r6C7s3LtOo+jCA7AITgGCFyAGrgFddAABDyCZ/AK3qwn68V6tz6mrQUrn9kHf2R9/QDdfZ22</latexit>

b) �2 �2 ! �1 �1

<latexit sha1_base64="/lXTFuhQC6lkqyXQ9pnEwVperCM=">AAACHnicbZDLSgMxFIYz9VbrbdSlm2ARFKTMFG+4KrpxWcFeoDMMmTTThiaZIckIZeiTuPFV3LhQRHClb2PazqK2/hD4+c45nJw/TBhV2nF+rMLS8srqWnG9tLG5tb1j7+41VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0goHt+N665FIRWPxoIcJ8TnqCRpRjLRBgX2eeZJDfDKC3jX0cJ8GVeidwsyjGkbQUB1PsTuLA7vsVJyJ4KJxc1MGueqB/eV1Y5xyIjRmSKmO6yTaz5DUFDMyKnmpIgnCA9QjHWMF4kT52eS8ETwypAujWJonNJzQ2YkMcaWGPDSdHOm+mq+N4X+1TqqjKz+jIkk1EXi6KEoZNDePs4JdKgnWbGgMwpKav0LcRxJhbRItmRDc+ZMXTbNacS8q7v1ZuXaTx1EEB+AQHAMXXIIauAN10AAYPIEX8AberWfr1fqwPqetBSuf2Qd/ZH3/Aj09n3Y=</latexit>

c) �2 f ! �1 f

<latexit sha1_base64="/B/YAyY4zVKsGnAJQcNPHLDeo78=">AAACH3icbZDLSsNAFIYn9VbrLerSzWARFKQkRarLohs3QkV7gSaEyXTSDp1MwsxEKKFv4sZXceNCEXHXt3GahqKtBwY+/vMfzpzfjxmVyrImRmFldW19o7hZ2tre2d0z9w9aMkoEJk0csUh0fCQJo5w0FVWMdGJBUOgz0vaHN9N++4kISSP+qEYxcUPU5zSgGCkteWYtdUQI0dkYOufQwQPq2XOqQkdFMDM83GWGOXtm2apYWcFlsHMog7wanvnt9CKchIQrzJCUXduKlZsioShmZFxyEklihIeoT7oaOQqJdNPsvjE80UoPBpHQjyuYqb8nUhRKOQp97QyRGsjF3lT8r9dNVHDlppTHiSIczxYFCYP67GlYsEcFwYqNNCAsqP4rxAMkEFY60pIOwV48eRla1Ypdq9j3F+X6dR5HERyBY3AKbHAJ6uAWNEATYPAMXsE7+DBejDfj0/iaWQtGPnMI/pQx+QHe0J/I</latexit>

a)�1 �2 ! SMSM

<latexit sha1_base64="wOdE9lF8m9kecFVzMjFG9OAcwZI=">AAACMnicbVBLSwMxGMz6rPW16tFLsAgqUnaLqHgqetGD0KJ9YLcu2TTbhmYfJFmhLPubvPhLBA96UMSrP8J0u4c+HAhMZr4h+cYJGRXSMN61ufmFxaXl3Ep+dW19Y1Pf2q6LIOKY1HDAAt50kCCM+qQmqWSkGXKCPIeRhtO/GvqNJ8IFDfx7OQhJ20Ndn7oUI6kkW7+JLe7BzmECrQto4R61SxBaMhhxEz7Y1cejccE6hmnk7hYmExdbLxhFIwWcJWZGCiBDxdZfrU6AI4/4EjMkRMs0QtmOEZcUM5LkrUiQEOE+6pKWoj7yiGjH6coJ3FdKB7oBV8eXMFXHEzHyhBh4jpr0kOyJaW8o/ue1Iumet2Pqh5EkPh495EYMqgaG/cEO5QRLNlAEYU7VXyHuIY6wVC3nVQnm9MqzpF4qmqdFs3pSKF9mdeTALtgDB8AEZ6AMrkEF1AAGz+ANfIIv7UX70L61n9HonJZldsAEtN8/pummKA==</latexit>

d) �2 ! �1Z
⇤
Q ! �1 SMSM

<latexit sha1_base64="gJzxuU3jFwF9S3dDSj2tJBYeLB0=">AAACGHicbVBLS8NAGNzUV62vqEcvi0VQlJoUUY9FL16EivYBTQibzbZdunmwuxFKyM/w4l/x4kERr735b9ykQbR1YGF25vvYnXEjRoU0jC+ttLC4tLxSXq2srW9sbunbO20RxhyTFg5ZyLsuEoTRgLQklYx0I06Q7zLScUfXmd95JFzQMHiQ44jYPhoEtE8xkkpy9NPE4j70jlJonUALD6lTh5YMf25mxo5hPnV/m0JHrxo1IwecJ2ZBqqBA09Enlhfi2CeBxAwJ0TONSNoJ4pJiRtKKFQsSITxCA9JTNEA+EXaSB0vhgVI82A+5OoGEufp7I0G+EGPfVZM+kkMx62Xif14vlv1LO6FBFEsS4OlD/ZhBlTxrCXqUEyzZWBGEOVV/hXiIOMJSdVlRJZizkedJu14zz2vm3Vm1cVXUUQZ7YB8cAhNcgAa4AU3QAhg8gRfwBt61Z+1V+9A+p6MlrdjZBX+gTb4BMw+cvQ==</latexit>

d)�2 ! �1 + SM
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<latexit sha1_base64="VgD6EjZw+veRuBiQwb8nF6EvAlE=">AAACGXicbZDLSgMxFIYz9VbrbdSlm2ARFKRMiqi4KrpxWcFeoDMMmTTThiYzQ5IRytDXcOOruHGhiEtd+Tam7VC09YfAx3/O4eT8QcKZ0o7zbRWWlldW14rrpY3Nre0de3evqeJUEtogMY9lO8CKchbRhmaa03YiKRYBp61gcDOutx6oVCyO7vUwoZ7AvYiFjGBtLN92XCmy4GQE3Svokj7zq9A9nZGOp4hmJvLtslNxJoKLgHIog1x13/50uzFJBY004VipDnIS7WVYakY4HZXcVNEEkwHu0Y7BCAuqvGxy2QgeGacLw1iaF2k4cX9PZFgoNRSB6RRY99V8bWz+V+ukOrz0MhYlqaYRmS4KUw7NxeOYYJdJSjQfGsBEMvNXSPpYYqJNmCUTApo/eRGa1Qo6r6C7s3LtOo+jCA7AITgGCFyAGrgFddAABDyCZ/AK3qwn68V6tz6mrQUrn9kHf2R9/QDdfZ22</latexit>

b) �2 �2 ! �1 �1

<latexit sha1_base64="/lXTFuhQC6lkqyXQ9pnEwVperCM=">AAACHnicbZDLSgMxFIYz9VbrbdSlm2ARFKTMFG+4KrpxWcFeoDMMmTTThiaZIckIZeiTuPFV3LhQRHClb2PazqK2/hD4+c45nJw/TBhV2nF+rMLS8srqWnG9tLG5tb1j7+41VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0goHt+N665FIRWPxoIcJ8TnqCRpRjLRBgX2eeZJDfDKC3jX0cJ8GVeidwsyjGkbQUB1PsTuLA7vsVJyJ4KJxc1MGueqB/eV1Y5xyIjRmSKmO6yTaz5DUFDMyKnmpIgnCA9QjHWMF4kT52eS8ETwypAujWJonNJzQ2YkMcaWGPDSdHOm+mq+N4X+1TqqjKz+jIkk1EXi6KEoZNDePs4JdKgnWbGgMwpKav0LcRxJhbRItmRDc+ZMXTbNacS8q7v1ZuXaTx1EEB+AQHAMXXIIauAN10AAYPIEX8AberWfr1fqwPqetBSuf2Qd/ZH3/Aj09n3Y=</latexit>

c) �2 f ! �1 f

<latexit sha1_base64="/B/YAyY4zVKsGnAJQcNPHLDeo78=">AAACH3icbZDLSsNAFIYn9VbrLerSzWARFKQkRarLohs3QkV7gSaEyXTSDp1MwsxEKKFv4sZXceNCEXHXt3GahqKtBwY+/vMfzpzfjxmVyrImRmFldW19o7hZ2tre2d0z9w9aMkoEJk0csUh0fCQJo5w0FVWMdGJBUOgz0vaHN9N++4kISSP+qEYxcUPU5zSgGCkteWYtdUQI0dkYOufQwQPq2XOqQkdFMDM83GWGOXtm2apYWcFlsHMog7wanvnt9CKchIQrzJCUXduKlZsioShmZFxyEklihIeoT7oaOQqJdNPsvjE80UoPBpHQjyuYqb8nUhRKOQp97QyRGsjF3lT8r9dNVHDlppTHiSIczxYFCYP67GlYsEcFwYqNNCAsqP4rxAMkEFY60pIOwV48eRla1Ypdq9j3F+X6dR5HERyBY3AKbHAJ6uAWNEATYPAMXsE7+DBejDfj0/iaWQtGPnMI/pQx+QHe0J/I</latexit>

a)�1 �2 ! SMSM

<latexit sha1_base64="wOdE9lF8m9kecFVzMjFG9OAcwZI=">AAACMnicbVBLSwMxGMz6rPW16tFLsAgqUnaLqHgqetGD0KJ9YLcu2TTbhmYfJFmhLPubvPhLBA96UMSrP8J0u4c+HAhMZr4h+cYJGRXSMN61ufmFxaXl3Ep+dW19Y1Pf2q6LIOKY1HDAAt50kCCM+qQmqWSkGXKCPIeRhtO/GvqNJ8IFDfx7OQhJ20Ndn7oUI6kkW7+JLe7BzmECrQto4R61SxBaMhhxEz7Y1cejccE6hmnk7hYmExdbLxhFIwWcJWZGCiBDxdZfrU6AI4/4EjMkRMs0QtmOEZcUM5LkrUiQEOE+6pKWoj7yiGjH6coJ3FdKB7oBV8eXMFXHEzHyhBh4jpr0kOyJaW8o/ue1Iumet2Pqh5EkPh495EYMqgaG/cEO5QRLNlAEYU7VXyHuIY6wVC3nVQnm9MqzpF4qmqdFs3pSKF9mdeTALtgDB8AEZ6AMrkEF1AAGz+ANfIIv7UX70L61n9HonJZldsAEtN8/pummKA==</latexit>

d) �2 ! �1Z
⇤
Q ! �1 SMSM

<latexit sha1_base64="gJzxuU3jFwF9S3dDSj2tJBYeLB0=">AAACGHicbVBLS8NAGNzUV62vqEcvi0VQlJoUUY9FL16EivYBTQibzbZdunmwuxFKyM/w4l/x4kERr735b9ykQbR1YGF25vvYnXEjRoU0jC+ttLC4tLxSXq2srW9sbunbO20RxhyTFg5ZyLsuEoTRgLQklYx0I06Q7zLScUfXmd95JFzQMHiQ44jYPhoEtE8xkkpy9NPE4j70jlJonUALD6lTh5YMf25mxo5hPnV/m0JHrxo1IwecJ2ZBqqBA09Enlhfi2CeBxAwJ0TONSNoJ4pJiRtKKFQsSITxCA9JTNEA+EXaSB0vhgVI82A+5OoGEufp7I0G+EGPfVZM+kkMx62Xif14vlv1LO6FBFEsS4OlD/ZhBlTxrCXqUEyzZWBGEOVV/hXiIOMJSdVlRJZizkedJu14zz2vm3Vm1cVXUUQZ7YB8cAhNcgAa4AU3QAhg8gRfwBt61Z+1V+9A+p6MlrdjZBX+gTb4BMw+cvQ==</latexit>

d)�2 ! �1 + SM
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<latexit sha1_base64="VgD6EjZw+veRuBiQwb8nF6EvAlE=">AAACGXicbZDLSgMxFIYz9VbrbdSlm2ARFKRMiqi4KrpxWcFeoDMMmTTThiYzQ5IRytDXcOOruHGhiEtd+Tam7VC09YfAx3/O4eT8QcKZ0o7zbRWWlldW14rrpY3Nre0de3evqeJUEtogMY9lO8CKchbRhmaa03YiKRYBp61gcDOutx6oVCyO7vUwoZ7AvYiFjGBtLN92XCmy4GQE3Svokj7zq9A9nZGOp4hmJvLtslNxJoKLgHIog1x13/50uzFJBY004VipDnIS7WVYakY4HZXcVNEEkwHu0Y7BCAuqvGxy2QgeGacLw1iaF2k4cX9PZFgoNRSB6RRY99V8bWz+V+ukOrz0MhYlqaYRmS4KUw7NxeOYYJdJSjQfGsBEMvNXSPpYYqJNmCUTApo/eRGa1Qo6r6C7s3LtOo+jCA7AITgGCFyAGrgFddAABDyCZ/AK3qwn68V6tz6mrQUrn9kHf2R9/QDdfZ22</latexit>

b) �2 �2 ! �1 �1

<latexit sha1_base64="/lXTFuhQC6lkqyXQ9pnEwVperCM=">AAACHnicbZDLSgMxFIYz9VbrbdSlm2ARFKTMFG+4KrpxWcFeoDMMmTTThiaZIckIZeiTuPFV3LhQRHClb2PazqK2/hD4+c45nJw/TBhV2nF+rMLS8srqWnG9tLG5tb1j7+41VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0goHt+N665FIRWPxoIcJ8TnqCRpRjLRBgX2eeZJDfDKC3jX0cJ8GVeidwsyjGkbQUB1PsTuLA7vsVJyJ4KJxc1MGueqB/eV1Y5xyIjRmSKmO6yTaz5DUFDMyKnmpIgnCA9QjHWMF4kT52eS8ETwypAujWJonNJzQ2YkMcaWGPDSdHOm+mq+N4X+1TqqjKz+jIkk1EXi6KEoZNDePs4JdKgnWbGgMwpKav0LcRxJhbRItmRDc+ZMXTbNacS8q7v1ZuXaTx1EEB+AQHAMXXIIauAN10AAYPIEX8AberWfr1fqwPqetBSuf2Qd/ZH3/Aj09n3Y=</latexit>

c) �2 f ! �1 f

<latexit sha1_base64="/B/YAyY4zVKsGnAJQcNPHLDeo78=">AAACH3icbZDLSsNAFIYn9VbrLerSzWARFKQkRarLohs3QkV7gSaEyXTSDp1MwsxEKKFv4sZXceNCEXHXt3GahqKtBwY+/vMfzpzfjxmVyrImRmFldW19o7hZ2tre2d0z9w9aMkoEJk0csUh0fCQJo5w0FVWMdGJBUOgz0vaHN9N++4kISSP+qEYxcUPU5zSgGCkteWYtdUQI0dkYOufQwQPq2XOqQkdFMDM83GWGOXtm2apYWcFlsHMog7wanvnt9CKchIQrzJCUXduKlZsioShmZFxyEklihIeoT7oaOQqJdNPsvjE80UoPBpHQjyuYqb8nUhRKOQp97QyRGsjF3lT8r9dNVHDlppTHiSIczxYFCYP67GlYsEcFwYqNNCAsqP4rxAMkEFY60pIOwV48eRla1Ypdq9j3F+X6dR5HERyBY3AKbHAJ6uAWNEATYPAMXsE7+DBejDfj0/iaWQtGPnMI/pQx+QHe0J/I</latexit>

a)�1 �2 ! SMSM

<latexit sha1_base64="wOdE9lF8m9kecFVzMjFG9OAcwZI=">AAACMnicbVBLSwMxGMz6rPW16tFLsAgqUnaLqHgqetGD0KJ9YLcu2TTbhmYfJFmhLPubvPhLBA96UMSrP8J0u4c+HAhMZr4h+cYJGRXSMN61ufmFxaXl3Ep+dW19Y1Pf2q6LIOKY1HDAAt50kCCM+qQmqWSkGXKCPIeRhtO/GvqNJ8IFDfx7OQhJ20Ndn7oUI6kkW7+JLe7BzmECrQto4R61SxBaMhhxEz7Y1cejccE6hmnk7hYmExdbLxhFIwWcJWZGCiBDxdZfrU6AI4/4EjMkRMs0QtmOEZcUM5LkrUiQEOE+6pKWoj7yiGjH6coJ3FdKB7oBV8eXMFXHEzHyhBh4jpr0kOyJaW8o/ue1Iumet2Pqh5EkPh495EYMqgaG/cEO5QRLNlAEYU7VXyHuIY6wVC3nVQnm9MqzpF4qmqdFs3pSKF9mdeTALtgDB8AEZ6AMrkEF1AAGz+ANfIIv7UX70L61n9HonJZldsAEtN8/pummKA==</latexit>

d) �2 ! �1Z
⇤
Q ! �1 SMSM

<latexit sha1_base64="gJzxuU3jFwF9S3dDSj2tJBYeLB0=">AAACGHicbVBLS8NAGNzUV62vqEcvi0VQlJoUUY9FL16EivYBTQibzbZdunmwuxFKyM/w4l/x4kERr735b9ykQbR1YGF25vvYnXEjRoU0jC+ttLC4tLxSXq2srW9sbunbO20RxhyTFg5ZyLsuEoTRgLQklYx0I06Q7zLScUfXmd95JFzQMHiQ44jYPhoEtE8xkkpy9NPE4j70jlJonUALD6lTh5YMf25mxo5hPnV/m0JHrxo1IwecJ2ZBqqBA09Enlhfi2CeBxAwJ0TONSNoJ4pJiRtKKFQsSITxCA9JTNEA+EXaSB0vhgVI82A+5OoGEufp7I0G+EGPfVZM+kkMx62Xif14vlv1LO6FBFEsS4OlD/ZhBlTxrCXqUEyzZWBGEOVV/hXiIOMJSdVlRJZizkedJu14zz2vm3Vm1cVXUUQZ7YB8cAhNcgAa4AU3QAhg8gRfwBt61Z+1V+9A+p6MlrdjZBX+gTb4BMw+cvQ==</latexit>

d)�2 ! �1 + SM
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<latexit sha1_base64="VgD6EjZw+veRuBiQwb8nF6EvAlE=">AAACGXicbZDLSgMxFIYz9VbrbdSlm2ARFKRMiqi4KrpxWcFeoDMMmTTThiYzQ5IRytDXcOOruHGhiEtd+Tam7VC09YfAx3/O4eT8QcKZ0o7zbRWWlldW14rrpY3Nre0de3evqeJUEtogMY9lO8CKchbRhmaa03YiKRYBp61gcDOutx6oVCyO7vUwoZ7AvYiFjGBtLN92XCmy4GQE3Svokj7zq9A9nZGOp4hmJvLtslNxJoKLgHIog1x13/50uzFJBY004VipDnIS7WVYakY4HZXcVNEEkwHu0Y7BCAuqvGxy2QgeGacLw1iaF2k4cX9PZFgoNRSB6RRY99V8bWz+V+ukOrz0MhYlqaYRmS4KUw7NxeOYYJdJSjQfGsBEMvNXSPpYYqJNmCUTApo/eRGa1Qo6r6C7s3LtOo+jCA7AITgGCFyAGrgFddAABDyCZ/AK3qwn68V6tz6mrQUrn9kHf2R9/QDdfZ22</latexit>

b) �2 �2 ! �1 �1

<latexit sha1_base64="/lXTFuhQC6lkqyXQ9pnEwVperCM=">AAACHnicbZDLSgMxFIYz9VbrbdSlm2ARFKTMFG+4KrpxWcFeoDMMmTTThiaZIckIZeiTuPFV3LhQRHClb2PazqK2/hD4+c45nJw/TBhV2nF+rMLS8srqWnG9tLG5tb1j7+41VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0goHt+N665FIRWPxoIcJ8TnqCRpRjLRBgX2eeZJDfDKC3jX0cJ8GVeidwsyjGkbQUB1PsTuLA7vsVJyJ4KJxc1MGueqB/eV1Y5xyIjRmSKmO6yTaz5DUFDMyKnmpIgnCA9QjHWMF4kT52eS8ETwypAujWJonNJzQ2YkMcaWGPDSdHOm+mq+N4X+1TqqjKz+jIkk1EXi6KEoZNDePs4JdKgnWbGgMwpKav0LcRxJhbRItmRDc+ZMXTbNacS8q7v1ZuXaTx1EEB+AQHAMXXIIauAN10AAYPIEX8AberWfr1fqwPqetBSuf2Qd/ZH3/Aj09n3Y=</latexit>

c) �2 f ! �1 f

<latexit sha1_base64="/B/YAyY4zVKsGnAJQcNPHLDeo78=">AAACH3icbZDLSsNAFIYn9VbrLerSzWARFKQkRarLohs3QkV7gSaEyXTSDp1MwsxEKKFv4sZXceNCEXHXt3GahqKtBwY+/vMfzpzfjxmVyrImRmFldW19o7hZ2tre2d0z9w9aMkoEJk0csUh0fCQJo5w0FVWMdGJBUOgz0vaHN9N++4kISSP+qEYxcUPU5zSgGCkteWYtdUQI0dkYOufQwQPq2XOqQkdFMDM83GWGOXtm2apYWcFlsHMog7wanvnt9CKchIQrzJCUXduKlZsioShmZFxyEklihIeoT7oaOQqJdNPsvjE80UoPBpHQjyuYqb8nUhRKOQp97QyRGsjF3lT8r9dNVHDlppTHiSIczxYFCYP67GlYsEcFwYqNNCAsqP4rxAMkEFY60pIOwV48eRla1Ypdq9j3F+X6dR5HERyBY3AKbHAJ6uAWNEATYPAMXsE7+DBejDfj0/iaWQtGPnMI/pQx+QHe0J/I</latexit>

a)�1 �2 ! SMSM

<latexit sha1_base64="wOdE9lF8m9kecFVzMjFG9OAcwZI=">AAACMnicbVBLSwMxGMz6rPW16tFLsAgqUnaLqHgqetGD0KJ9YLcu2TTbhmYfJFmhLPubvPhLBA96UMSrP8J0u4c+HAhMZr4h+cYJGRXSMN61ufmFxaXl3Ep+dW19Y1Pf2q6LIOKY1HDAAt50kCCM+qQmqWSkGXKCPIeRhtO/GvqNJ8IFDfx7OQhJ20Ndn7oUI6kkW7+JLe7BzmECrQto4R61SxBaMhhxEz7Y1cejccE6hmnk7hYmExdbLxhFIwWcJWZGCiBDxdZfrU6AI4/4EjMkRMs0QtmOEZcUM5LkrUiQEOE+6pKWoj7yiGjH6coJ3FdKB7oBV8eXMFXHEzHyhBh4jpr0kOyJaW8o/ue1Iumet2Pqh5EkPh495EYMqgaG/cEO5QRLNlAEYU7VXyHuIY6wVC3nVQnm9MqzpF4qmqdFs3pSKF9mdeTALtgDB8AEZ6AMrkEF1AAGz+ANfIIv7UX70L61n9HonJZldsAEtN8/pummKA==</latexit>

d) �2 ! �1Z
⇤
Q ! �1 SMSM

<latexit sha1_base64="gJzxuU3jFwF9S3dDSj2tJBYeLB0=">AAACGHicbVBLS8NAGNzUV62vqEcvi0VQlJoUUY9FL16EivYBTQibzbZdunmwuxFKyM/w4l/x4kERr735b9ykQbR1YGF25vvYnXEjRoU0jC+ttLC4tLxSXq2srW9sbunbO20RxhyTFg5ZyLsuEoTRgLQklYx0I06Q7zLScUfXmd95JFzQMHiQ44jYPhoEtE8xkkpy9NPE4j70jlJonUALD6lTh5YMf25mxo5hPnV/m0JHrxo1IwecJ2ZBqqBA09Enlhfi2CeBxAwJ0TONSNoJ4pJiRtKKFQsSITxCA9JTNEA+EXaSB0vhgVI82A+5OoGEufp7I0G+EGPfVZM+kkMx62Xif14vlv1LO6FBFEsS4OlD/ZhBlTxrCXqUEyzZWBGEOVV/hXiIOMJSdVlRJZizkedJu14zz2vm3Vm1cVXUUQZ7YB8cAhNcgAa4AU3QAhg8gRfwBt61Z+1V+9A+p6MlrdjZBX+gTb4BMw+cvQ==</latexit>

d)�2 ! �1 + SM
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<latexit sha1_base64="VgD6EjZw+veRuBiQwb8nF6EvAlE=">AAACGXicbZDLSgMxFIYz9VbrbdSlm2ARFKRMiqi4KrpxWcFeoDMMmTTThiYzQ5IRytDXcOOruHGhiEtd+Tam7VC09YfAx3/O4eT8QcKZ0o7zbRWWlldW14rrpY3Nre0de3evqeJUEtogMY9lO8CKchbRhmaa03YiKRYBp61gcDOutx6oVCyO7vUwoZ7AvYiFjGBtLN92XCmy4GQE3Svokj7zq9A9nZGOp4hmJvLtslNxJoKLgHIog1x13/50uzFJBY004VipDnIS7WVYakY4HZXcVNEEkwHu0Y7BCAuqvGxy2QgeGacLw1iaF2k4cX9PZFgoNRSB6RRY99V8bWz+V+ukOrz0MhYlqaYRmS4KUw7NxeOYYJdJSjQfGsBEMvNXSPpYYqJNmCUTApo/eRGa1Qo6r6C7s3LtOo+jCA7AITgGCFyAGrgFddAABDyCZ/AK3qwn68V6tz6mrQUrn9kHf2R9/QDdfZ22</latexit>

b) �2 �2 ! �1 �1

<latexit sha1_base64="/lXTFuhQC6lkqyXQ9pnEwVperCM=">AAACHnicbZDLSgMxFIYz9VbrbdSlm2ARFKTMFG+4KrpxWcFeoDMMmTTThiaZIckIZeiTuPFV3LhQRHClb2PazqK2/hD4+c45nJw/TBhV2nF+rMLS8srqWnG9tLG5tb1j7+41VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0goHt+N665FIRWPxoIcJ8TnqCRpRjLRBgX2eeZJDfDKC3jX0cJ8GVeidwsyjGkbQUB1PsTuLA7vsVJyJ4KJxc1MGueqB/eV1Y5xyIjRmSKmO6yTaz5DUFDMyKnmpIgnCA9QjHWMF4kT52eS8ETwypAujWJonNJzQ2YkMcaWGPDSdHOm+mq+N4X+1TqqjKz+jIkk1EXi6KEoZNDePs4JdKgnWbGgMwpKav0LcRxJhbRItmRDc+ZMXTbNacS8q7v1ZuXaTx1EEB+AQHAMXXIIauAN10AAYPIEX8AberWfr1fqwPqetBSuf2Qd/ZH3/Aj09n3Y=</latexit>

c) �2 f ! �1 f

<latexit sha1_base64="/B/YAyY4zVKsGnAJQcNPHLDeo78=">AAACH3icbZDLSsNAFIYn9VbrLerSzWARFKQkRarLohs3QkV7gSaEyXTSDp1MwsxEKKFv4sZXceNCEXHXt3GahqKtBwY+/vMfzpzfjxmVyrImRmFldW19o7hZ2tre2d0z9w9aMkoEJk0csUh0fCQJo5w0FVWMdGJBUOgz0vaHN9N++4kISSP+qEYxcUPU5zSgGCkteWYtdUQI0dkYOufQwQPq2XOqQkdFMDM83GWGOXtm2apYWcFlsHMog7wanvnt9CKchIQrzJCUXduKlZsioShmZFxyEklihIeoT7oaOQqJdNPsvjE80UoPBpHQjyuYqb8nUhRKOQp97QyRGsjF3lT8r9dNVHDlppTHiSIczxYFCYP67GlYsEcFwYqNNCAsqP4rxAMkEFY60pIOwV48eRla1Ypdq9j3F+X6dR5HERyBY3AKbHAJ6uAWNEATYPAMXsE7+DBejDfj0/iaWQtGPnMI/pQx+QHe0J/I</latexit>

a)�1 �2 ! SMSM

<latexit sha1_base64="wOdE9lF8m9kecFVzMjFG9OAcwZI=">AAACMnicbVBLSwMxGMz6rPW16tFLsAgqUnaLqHgqetGD0KJ9YLcu2TTbhmYfJFmhLPubvPhLBA96UMSrP8J0u4c+HAhMZr4h+cYJGRXSMN61ufmFxaXl3Ep+dW19Y1Pf2q6LIOKY1HDAAt50kCCM+qQmqWSkGXKCPIeRhtO/GvqNJ8IFDfx7OQhJ20Ndn7oUI6kkW7+JLe7BzmECrQto4R61SxBaMhhxEz7Y1cejccE6hmnk7hYmExdbLxhFIwWcJWZGCiBDxdZfrU6AI4/4EjMkRMs0QtmOEZcUM5LkrUiQEOE+6pKWoj7yiGjH6coJ3FdKB7oBV8eXMFXHEzHyhBh4jpr0kOyJaW8o/ue1Iumet2Pqh5EkPh495EYMqgaG/cEO5QRLNlAEYU7VXyHuIY6wVC3nVQnm9MqzpF4qmqdFs3pSKF9mdeTALtgDB8AEZ6AMrkEF1AAGz+ANfIIv7UX70L61n9HonJZldsAEtN8/pummKA==</latexit>

d) �2 ! �1Z
⇤
Q ! �1 SMSM

<latexit sha1_base64="gJzxuU3jFwF9S3dDSj2tJBYeLB0=">AAACGHicbVBLS8NAGNzUV62vqEcvi0VQlJoUUY9FL16EivYBTQibzbZdunmwuxFKyM/w4l/x4kERr735b9ykQbR1YGF25vvYnXEjRoU0jC+ttLC4tLxSXq2srW9sbunbO20RxhyTFg5ZyLsuEoTRgLQklYx0I06Q7zLScUfXmd95JFzQMHiQ44jYPhoEtE8xkkpy9NPE4j70jlJonUALD6lTh5YMf25mxo5hPnV/m0JHrxo1IwecJ2ZBqqBA09Enlhfi2CeBxAwJ0TONSNoJ4pJiRtKKFQsSITxCA9JTNEA+EXaSB0vhgVI82A+5OoGEufp7I0G+EGPfVZM+kkMx62Xif14vlv1LO6FBFEsS4OlD/ZhBlTxrCXqUEyzZWBGEOVV/hXiIOMJSdVlRJZizkedJu14zz2vm3Vm1cVXUUQZ7YB8cAhNcgAa4AU3QAhg8gRfwBt61Z+1V+9A+p6MlrdjZBX+gTb4BMw+cvQ==</latexit>

d)�2 ! �1 + SM

coannihilations 
dominate!



38

Inelastic Dark Matter · Relic Density Computation

Boltzmann Equation
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<latexit sha1_base64="VgD6EjZw+veRuBiQwb8nF6EvAlE=">AAACGXicbZDLSgMxFIYz9VbrbdSlm2ARFKRMiqi4KrpxWcFeoDMMmTTThiYzQ5IRytDXcOOruHGhiEtd+Tam7VC09YfAx3/O4eT8QcKZ0o7zbRWWlldW14rrpY3Nre0de3evqeJUEtogMY9lO8CKchbRhmaa03YiKRYBp61gcDOutx6oVCyO7vUwoZ7AvYiFjGBtLN92XCmy4GQE3Svokj7zq9A9nZGOp4hmJvLtslNxJoKLgHIog1x13/50uzFJBY004VipDnIS7WVYakY4HZXcVNEEkwHu0Y7BCAuqvGxy2QgeGacLw1iaF2k4cX9PZFgoNRSB6RRY99V8bWz+V+ukOrz0MhYlqaYRmS4KUw7NxeOYYJdJSjQfGsBEMvNXSPpYYqJNmCUTApo/eRGa1Qo6r6C7s3LtOo+jCA7AITgGCFyAGrgFddAABDyCZ/AK3qwn68V6tz6mrQUrn9kHf2R9/QDdfZ22</latexit>

b) �2 �2 ! �1 �1

<latexit sha1_base64="/lXTFuhQC6lkqyXQ9pnEwVperCM=">AAACHnicbZDLSgMxFIYz9VbrbdSlm2ARFKTMFG+4KrpxWcFeoDMMmTTThiaZIckIZeiTuPFV3LhQRHClb2PazqK2/hD4+c45nJw/TBhV2nF+rMLS8srqWnG9tLG5tb1j7+41VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0goHt+N665FIRWPxoIcJ8TnqCRpRjLRBgX2eeZJDfDKC3jX0cJ8GVeidwsyjGkbQUB1PsTuLA7vsVJyJ4KJxc1MGueqB/eV1Y5xyIjRmSKmO6yTaz5DUFDMyKnmpIgnCA9QjHWMF4kT52eS8ETwypAujWJonNJzQ2YkMcaWGPDSdHOm+mq+N4X+1TqqjKz+jIkk1EXi6KEoZNDePs4JdKgnWbGgMwpKav0LcRxJhbRItmRDc+ZMXTbNacS8q7v1ZuXaTx1EEB+AQHAMXXIIauAN10AAYPIEX8AberWfr1fqwPqetBSuf2Qd/ZH3/Aj09n3Y=</latexit>

c) �2 f ! �1 f

<latexit sha1_base64="/B/YAyY4zVKsGnAJQcNPHLDeo78=">AAACH3icbZDLSsNAFIYn9VbrLerSzWARFKQkRarLohs3QkV7gSaEyXTSDp1MwsxEKKFv4sZXceNCEXHXt3GahqKtBwY+/vMfzpzfjxmVyrImRmFldW19o7hZ2tre2d0z9w9aMkoEJk0csUh0fCQJo5w0FVWMdGJBUOgz0vaHN9N++4kISSP+qEYxcUPU5zSgGCkteWYtdUQI0dkYOufQwQPq2XOqQkdFMDM83GWGOXtm2apYWcFlsHMog7wanvnt9CKchIQrzJCUXduKlZsioShmZFxyEklihIeoT7oaOQqJdNPsvjE80UoPBpHQjyuYqb8nUhRKOQp97QyRGsjF3lT8r9dNVHDlppTHiSIczxYFCYP67GlYsEcFwYqNNCAsqP4rxAMkEFY60pIOwV48eRla1Ypdq9j3F+X6dR5HERyBY3AKbHAJ6uAWNEATYPAMXsE7+DBejDfj0/iaWQtGPnMI/pQx+QHe0J/I</latexit>

a)�1 �2 ! SMSM

<latexit sha1_base64="wOdE9lF8m9kecFVzMjFG9OAcwZI=">AAACMnicbVBLSwMxGMz6rPW16tFLsAgqUnaLqHgqetGD0KJ9YLcu2TTbhmYfJFmhLPubvPhLBA96UMSrP8J0u4c+HAhMZr4h+cYJGRXSMN61ufmFxaXl3Ep+dW19Y1Pf2q6LIOKY1HDAAt50kCCM+qQmqWSkGXKCPIeRhtO/GvqNJ8IFDfx7OQhJ20Ndn7oUI6kkW7+JLe7BzmECrQto4R61SxBaMhhxEz7Y1cejccE6hmnk7hYmExdbLxhFIwWcJWZGCiBDxdZfrU6AI4/4EjMkRMs0QtmOEZcUM5LkrUiQEOE+6pKWoj7yiGjH6coJ3FdKB7oBV8eXMFXHEzHyhBh4jpr0kOyJaW8o/ue1Iumet2Pqh5EkPh495EYMqgaG/cEO5QRLNlAEYU7VXyHuIY6wVC3nVQnm9MqzpF4qmqdFs3pSKF9mdeTALtgDB8AEZ6AMrkEF1AAGz+ANfIIv7UX70L61n9HonJZldsAEtN8/pummKA==</latexit>

d) �2 ! �1Z
⇤
Q ! �1 SMSM

<latexit sha1_base64="gJzxuU3jFwF9S3dDSj2tJBYeLB0=">AAACGHicbVBLS8NAGNzUV62vqEcvi0VQlJoUUY9FL16EivYBTQibzbZdunmwuxFKyM/w4l/x4kERr735b9ykQbR1YGF25vvYnXEjRoU0jC+ttLC4tLxSXq2srW9sbunbO20RxhyTFg5ZyLsuEoTRgLQklYx0I06Q7zLScUfXmd95JFzQMHiQ44jYPhoEtE8xkkpy9NPE4j70jlJonUALD6lTh5YMf25mxo5hPnV/m0JHrxo1IwecJ2ZBqqBA09Enlhfi2CeBxAwJ0TONSNoJ4pJiRtKKFQsSITxCA9JTNEA+EXaSB0vhgVI82A+5OoGEufp7I0G+EGPfVZM+kkMx62Xif14vlv1LO6FBFEsS4OlD/ZhBlTxrCXqUEyzZWBGEOVV/hXiIOMJSdVlRJZizkedJu14zz2vm3Vm1cVXUUQZ7YB8cAhNcgAa4AU3QAhg8gRfwBt61Z+1V+9A+p6MlrdjZBX+gTb4BMw+cvQ==</latexit>

d)�2 ! �1 + SM

coannihilations 
dominate! we can simplify by considering

<latexit sha1_base64="mI41xrSkFlEUlU3yECGuRJBLERY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSIIQtktol6EohePFewHtEvJptk2NJtdk9lCKf0dXjwo4tUf481/Y9ruQVsfzPB4b4ZMXpBIYdB1v52V1bX1jc3cVn57Z3dvv3BwWDdxqhmvsVjGuhlQw6VQvIYCJW8mmtMokLwRDO6mfmPItRGxesRRwv2I9pQIBaNoJV+RG6I6Hjm3vdwpFN2SOwNZJl5GipCh2il8tbsxSyOukElqTMtzE/THVKNgkk/y7dTwhLIB7fGWpYpG3Pjj2dETcmqVLgljbUshmam/N8Y0MmYUBXYyotg3i95U/M9rpRhe+2OhkhS5YvOHwlQSjMk0AdIVmjOUI0so08LeSlifasrQ5pS3IXiLX14m9XLJuyx5DxfFym0WRw6O4QTOwIMrqMA9VKEGDJ7gGV7hzRk6L8678zEfXXGynSP4A+fzBwvakFU=</latexit>

n = n1 + n2

<latexit sha1_base64="MMJGBufuDl9TOFf7xMtPbXATo74="></latexit>
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<latexit sha1_base64="EIK70xkGJmG9Gs7Sl8ax08fRrcQ="></latexit>
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1 neq
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(neq)2
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41

Inelastic Dark Matter · ReD-DeLiVeR code

• python package DELIVER (Decays of Light Vectors Revised) is 
publicly available on GitHub 

https://github.com/preimitz/DeLiVeR

compute decay rates and branching ratios for user-
defined U(1)Q	 charges

complete set of hadronic decays (20 channels)

x
𝑍!

𝑉 = 𝜌,𝜔, 𝜙
hadronic 

mode

ALF, P. Reimitz, R.Z. Funchal [JHEP 04 (2022)119]
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Inelastic Dark Matter · ReD-DeLiVeR code

• python package DELIVER (Decays of Light Vectors Revised) is 
publicly available on GitHub 

https://github.com/preimitz/DeLiVeR

compute decay rates and branching ratios for user-
defined U(1)Q	 charges

complete set of hadronic decays (20 channels)

designed to solve numerically the Boltzmann equations and evaluate the relic density curves 
and thermal targets for both simplified DM models and the iDM scenario.

• ReD-DeLiVeR (Relic Density with DeLiVeR) 
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Inelastic Dark Matter · Bounds

<latexit sha1_base64="92ha9igGeKfmKdHfsU6PCm/XV74=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4sSQi1WOpHjwoVLAf0Iaw2W7bpbtJ2N0USsg/8eJBEa/+E2/+G7dtDtr6YODx3gwz84KYM6Ud59taWV1b39gsbBW3d3b39u2Dw6aKEklog0Q8ku0AK8pZSBuaaU7bsaRYBJy2gtHN1G+NqVQsCp/0JKaewIOQ9RnB2ki+baeoKwVitw+Zn9bO7zPfLjllZwa0TNyclCBH3be/ur2IJIKGmnCsVMd1Yu2lWGpGOM2K3UTRGJMRHtCOoSEWVHnp7PIMnRqlh/qRNBVqNFN/T6RYKDURgekUWA/VojcV//M6ie5feykL40TTkMwX9ROOdISmMaAek5RoPjEEE8nMrYgMscREm7CKJgR38eVl0rwou5Vy5fGyVK3lcRTgGE7gDFy4gircQR0aQGAMz/AKb1ZqvVjv1se8dcXKZ47gD6zPH1QDktU=</latexit>

iDMB�L
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Inelastic Dark Matter · Bounds

<latexit sha1_base64="xRoVcF30Q1WJJEY+445uMrE7nLs=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8hevAiRDAPSNYwO5lNhszMLjOzSlj2P7x4UMSr/+LNv3HyOGhiQUNR1U13VxBzpo3rfju5ldW19Y38ZmFre2d3r7h/0NRRoghtkIhHqh1gTTmTtGGY4bQdK4pFwGkrGF1N/NYjVZpF8t6MY+oLPJAsZAQbKz2kqKsEYte3WS+tZb1iyS27U6Bl4s1JCeao94pf3X5EEkGlIRxr3fHc2PgpVoYRTrNCN9E0xmSEB7RjqcSCaj+dXp2hE6v0URgpW9Kgqfp7IsVC67EIbKfAZqgXvYn4n9dJTHjpp0zGiaGSzBaFCUcmQpMIUJ8pSgwfW4KJYvZWRIZYYWJsUAUbgrf48jJpnpW9Srlyd16q1uZx5OEIjuEUPLiAKtxAHRpAQMEzvMKb8+S8OO/Ox6w158xnDuEPnM8f0PeSFw==</latexit>

iDMB
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Inelastic Dark Matter · Bounds

<latexit sha1_base64="OhjRzAMZZ2I+yvSnwV319kKNUYU=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR3FgSleqyVBcuFCrYBzQhTKaTduhMEmYmQolZ+CtuXCji1t9w5984bbPQ1gMXDufcy733+DGjUlnWt1FYWFxaXimultbWNza3zO2dlowSgUkTRywSHR9JwmhImooqRjqxIIj7jLT94eXYbz8QIWkU3qtRTFyO+iENKEZKS565l0JHcEivbjMvrR+f3niOQknmmWWrYk0A54mdkzLI0fDML6cX4YSTUGGGpOzaVqzcFAlFMSNZyUkkiREeoj7pahoiTqSbTu7P4KFWejCIhK5QwYn6eyJFXMoR93UnR2ogZ72x+J/XTVRw4aY0jBNFQjxdFCQMqgiOw4A9KghWbKQJwoLqWyEeIIGw0pGVdAj27MvzpHVSsauV6t1ZuVbP4yiCfXAAjoANzkENXIMGaAIMHsEzeAVvxpPxYrwbH9PWgpHP7II/MD5/ALUGlUk=</latexit>

iDMB�3L⌧



46

Inelastic Dark Matter · Bounds

<latexit sha1_base64="Ss3+s3niS2xh9yaDSDxHmVkFuCk=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgxpKIVJdFXbhQqGAf0IQwmU7boTNJmIdQQhZu/BU3LhRx60e482+ctllo64HLPZxzLzP3hAmjUjnOt1VYWl5ZXSuulzY2t7Z37N29loy1wKSJYxaLTogkYTQiTUUVI51EEMRDRtrh6HLitx+IkDSO7tU4IT5Hg4j2KUbKSIFdTqEnOKRXt1mQ3gQe1/AYmq6QzgK74lSdKeAicXNSATkagf3l9WKsOYkUZkjKruskyk+RUBQzkpU8LUmC8AgNSNfQCHEi/XR6RAYPjdKD/ViYihScqr83UsSlHPPQTHKkhnLem4j/eV2t+ud+SqNEKxLh2UN9zaCK4SQR2KOCYMXGhiAsqPkrxEMkEFYmt5IJwZ0/eZG0TqpurVq7O63UL/I4iqAMDsARcMEZqINr0ABNgMEjeAav4M16sl6sd+tjNlqw8p198AfW5w8uP5cv</latexit>

iDMLµ�L⌧



47

Conclusions
• Light Feebly Interacting Particles can shed light in several unanswered questions of the SM

• As experiments increase their luminosities, and we enter the intensity frontier era of particle physics, we increase
the capabilities to probe new light sectors.

• As a guiding principle, we consider different portals between the Dark Sector and the SM

• In this work we considered a vector portal to a fermionic inelastic Dark Matter sector general vector mediators

iDMQ
thermal relics

evade CMB 
bounds

evade indirect and 
direct detection

• We developed a code that computes the relic density ReD-DeLiVeR

• With general mediators, we showed that we can unlock new
regions of the parameter space of the vanilla dark photon model
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the capabilities to probe new light sectors.

• As a guiding principle, we consider different portals between the Dark Sector and the SM

• In this work we considered a vector portal to a fermionic inelastic Dark Matter sector general vector mediators
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• With general mediators, we showed that we can unlock new
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Inelastic Dark Matter
DM Thermal Freeze-out · WIMP miracle

We know that freeze-out happens when 
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WIMP miracle

For couplings similar to the electroweak coupling ⇒ EW scale emerges naturally
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However, this also implies that

2

diators for DM below the weak scale. In Sec. III, we
introduce the particular iDM model that we investigate
throughout this work and discuss various aspects of its
cosmology in Sec. IV. In Sec. V, we summarize exist-
ing constraints on these models. In Sec. VI, we present
strategies for the LHC to search for displaced lepton-
jets and time-delayed tracks at ATLAS and CMS and
displaced vertices at LHCb, CODEX-b, FASER, and
MATHUSLA. In Sec. VII, we discuss details related
to our modeling of iDM production at the LHC and
present our results in Sec. VIII. We summarize our con-
clusions in Sec. IX. Detailed discussions of experimental
energy thresholds, kinetically-mixed dark photons, loop-
induced DM-nucleon/electron elastic scattering cross sec-
tions, and dark photon production via vector meson mix-
ing are provided in Appendices A, B, C, and D, respec-
tively.

II. THERMAL DARK MATTER BELOW THE
WEAK SCALE

Thermal DM that couples to the SM solely through the
electroweak force must be heavier than the GeV scale.
This is most often stated in terms of the Lee-Weinberg
bound [3], which in its modern form relates the DM mass
to the weak scale (mZ ⇠ 100 GeV), the temperature at
matter-radiation equality (Teq ⇠ eV), and the Planck
mass (mPl ⇠ 1018 GeV),

mDM & m
2
Z

(Teq mPl)1/2
⇠ GeV. (1)

Eq. (1) implies that sub-GeV thermal DM motivates the
presence of new light mediators [9]. This philosophy has
guided various experimental developments in the search
for well-defined “thermal targets” [1, 2, 10].

This picture can be sharpened with the inclusion of
additional experimental inputs. It is well-known that
thermal DM that is lighter than ⇠ 50 GeV and anni-
hilates through the exchange of an electroweak boson is
strongly constrained by null results of recent direct detec-
tion experiments as well as by the invisible Z and Higgs
widths [4, 5]. This can be stated parametrically, similar
to Eq. (1). If few⇥mDM . mZ , then the DM annihilation
rate (�v) is smaller than the value required by thermal
freeze-out (�vth ⇠ 1/Teq mPl),

�v

�vth
. O(10�2) ⇥

�inv
Z Teq mPl

m3
Z

. O(10�2) , (2)

where �inv
Z is the additional contribution to the invisi-

ble Z width from decays to DM pairs, and in the second
inequality we have enforced �inv

Z . O(MeV) [11]. A sim-
ilar statement holds for couplings to the SM Higgs. Such
claims can be avoided, for instance, if 2mDM ' mZ,h,
in which case invisible Z or h decays to DM particles
are kinematically suppressed and DM annihilations are
resonantly enhanced. Therefore, aside from this tuning,

DM lighter than ⇠ 50 GeV motivates the presence of ad-
ditional light mediators that are nearby in mass to the
DM itself. A well-motivated example is the dark photon,
as discussed in Sec. III. In the next section, we also in-
troduce a class of models in which the DM-dark photon
coupling is directly responsible for thermal freeze-out in
the early universe.

III. INELASTIC DARK MATTER

Models of inelastic DM (iDM) were first proposed to
resolve the longstanding DAMA anomaly [7]. Although
such explanations are no longer viable in light of searches
conducted by more recent direct detection experiments
(see, e.g., Ref. [12]), the overall framework still consti-
tutes a compelling paradigm for light thermal DM.
In this section, we outline a concrete model that we will

investigate throughout this work. We focus on a particu-
lar implementation of iDM, involving a Dirac pair of two-
component Weyl fermions (⌘ and ⇠) that are oppositely
charged under a broken U(1)D symmetry (Q⌘,⇠ = ±1).
The corresponding massive gauge boson is the dark pho-
ton, denoted as A

0. The dark photon couples to SM
hypercharge through the kinetic mixing term

L �
✏

2 cos ✓w
A

0
µ⌫ B

µ⌫
, (3)

where ✏ ⌧ 1 is a dimensionless parameter controlling the
size of the mixing and ✓w is the Weinberg angle [13, 14].
For example, this kinetic mixing is generated radiatively
if there exist any particles charged under both U(1)D
and hypercharge. In this case, the natural expected size
is ✏ ⇠ e eD/16⇡2

⇠ 10�3, where e and eD are the electro-
magnetic and U(1)D gauge couplings, respectively. We
remain agnostic concerning the origin of the dark photon
mass, mA0 . If mA0 ⌧ mZ , the A

0 predominantly mixes
with the SM photon and inherits a small coupling to SM
fermions proportional to their electric charge, ✏ eQf . For
mA0 & O(10) GeV, the A

0 also significantly mixes with
the SM Z. A detailed discussion of kinetic mixing for
general A0 masses is provided in Appendix B.
A Dirac mass, mD, involving the DM spinors, ⌘ and

⇠, is allowed by all symmetries of the theory. In the case
that a dark Higgs is responsible for the mass of the A

0,
it is natural to imagine that the spontaneous breaking
of U(1)D also gives rise to Majorana mass terms (�⌘,⇠)
for these hidden sector fermions. At energies below the
scale of U(1)D-breaking, we parametrize the e↵ective La-
grangian as

�L � mD ⌘ ⇠ +
1

2
�⌘ ⌘

2 +
1

2
�⇠ ⇠

2 + h.c. , (4)

where mD, �⌘, �⇠ > 0. Since �⌘,⇠ 6= 0 explicitly breaks
U(1)D, it is technically natural to take �⌘,⇠ ⌧ mD. In
this limit, the mass eigenstates correspond to a pseudo-

Hence, sub-GeV DM motivates the presence of new light mediators 
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Inelastic Dark Matter
CMB Bounds

Even after DM freezes-out, annihilations processes (that continue to occur out-of-equilibrium) can continue to 
inject energy in the plasma.

if annihilations into EM charged particles can persist between recombination and reionization this can distort 
the CMB (Cosmic Microwave Background)

In terms of the thermally averaged cross-section we have the following limit
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Thermal relic dark matter below ⇠ 10 GeV is excluded by cosmic microwave background data if
its annihilation to visible particles is unsuppressed near the epoch of recombination. Usual model-
building measures to avoid this bound involve kinematically suppressing the annihilation rate in
the low-velocity limit, thereby yielding dim prospects for indirect detection signatures at late times.
In this work, we investigate a class of cosmologically-viable sub-GeV thermal relics with late-time
annihilation rates that are detectable with existing and proposed telescopes across a wide range of
parameter space. We study a representative model of inelastic dark matter featuring a stable state �1

and a slightly heavier excited state �2 whose abundance is thermally depleted before recombination.
Since the kinetic energy of dark matter in the Milky Way is much larger than it is during recom-
bination, �1�1 ! �2�2 upscattering can efficiently regenerate a cosmologically long-lived Galactic
population of �2, whose subsequent coannihilations with �1 give rise to observable gamma-rays in
the ⇠ 1 MeV � 100 MeV energy range. We find that proposed MeV gamma-ray telescopes, such as
e-ASTROGAM, AMEGO, and MAST, would be sensitive to much of the thermal relic parameter
space in this class of models and thereby enable both discovery and model discrimination in the
event of a signal at accelerator or direct detection experiments.

I. INTRODUCTION

Light dark matter (DM) has received much attention
over the past decade as new terrestrial experiments have
been proposed to vastly expand laboratory sensitivity
to new physics below the electroweak scale – for re-
views, see Refs. [1, 2]. Amongst the various possibilities,
MeV�GeV scale DM in the form of a light thermal relic is
especially motivated by basic principles of early-Universe
thermodynamics and known examples within the Stan-
dard Model (SM) [3].

Thermal DM is in equilibrium with the visible sec-
tor at early times and later freezes out after becom-
ing non-relativistic, such that number-changing reactions
occur less than once per Hubble time. Although such
reactions remain out of equilibrium, rare annihilation
events can continue to inject energy into the SM plasma.
For instance, DM annihilations into electromagnetically-
charged particles can persist between recombination and
reionization, yielding observable distortions in the tem-
perature anisotropies of the cosmic microwave back-
ground (CMB). The lack of such deviations sharply con-
strains some of the most predictive and well-motivated
freeze-out models [4, 5]. This limit can be phrased in
terms of the thermally-averaged annihilation cross sec-
tion h�vi to visible states, which at the time of recombi-
nation is constrained by the Planck satellite at the level

⇤
aberlin@fnal.gov

†
krnjaicg@fnal.gov

‡
epinetti@fnal.gov

of [6]

h�vicmb . 3 ⇥ 10�26 cm3 s�1

✓
mDM

10 GeV

◆
, (1)

where mDM is the DM mass. Since standard thermal
DM predicts h�vi ⇠ 10�26 cm3 s�1 at the time of freeze-
out when the DM was quasi-relativistic, models involv-
ing annihilations to visible final states with velocity-
independent (s-wave) cross sections are excluded for
masses below ⇠ 10 GeV.

Of course, this cross section needs not be velocity-
independent, and the CMB bound is naturally evaded
in models where the annihilation rate is suppressed by
the small DM velocity v during recombination. For ex-
ample, in models with p-wave annihilation, h�vi / v

2,
so that this rate is significantly smaller at later times
when DM is highly non-relativistic. However, this ap-
proach1 also severely diminishes the prospects for indi-
rect detection in the Galaxy, since the local annihilation
rate is suppressed by the small virial velocity v ⇠ 10�3,
resulting in �v < 10�30 cm3 s�1 for standard thermal
relics. Since such small cross sections are beyond the
reach of any near-future probe (see Refs. [13, 14] and ref-
erences therein), there is strong motivation to identify
well-motivated and testable targets for indirect detection
in the MeV � GeV mass range.

1
Although larger Galactic annihilation rates can arise in other

models of thermal relics involving resonant [7–9] or forbidden

annihilations [10–12], this is typically promising only when the

relative mass-splitting between various dark sector states is fixed

to a special value, corresponding to a strong tuning between mass

scales that are related to independent model parameters.
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for models involving annihilations to visible final states with velocity independent (s-wave) cross sections. 

Inelastic DM scenarios can avoid this bound!
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