
1

𝜒!𝜒"

Unlocking the Inelastic Dark Matter 
window with Vector Mediators

arxiv:2410.00881
J. High Energ. Phys. 2025, 1 (2025)

Ana Luisa Foguel

afoguel@usp.br
University of São Paulo, São Paulo, Brazil
IFT/UAM, Madrid, Spain
Dark Matter and Neutrinos School
07 May 2025

in collaboration with Peter Reimitz and Renata Z. Funchal

based on:

https://arxiv.org/abs/2410.00881


2

𝜒!
𝜒"

Outline

1. Introduction and Motivations

2. Inelastic Dark Matter

3. Relic Density Computation

4. ReD-DeLiVeR code

5. Bounds

6. Conclusions

Theoretical framework 

Decay Rates



3

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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Where can we search for 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…
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which means that lowering
the DM mass decreases the
thermal-average cross section

→ DM is overproduced! 

Introduction and Motivations

Lee-Weinberg bound
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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
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How can we search for light particle BSM signals?

Standard 
Model Dark Sector

PORTAL ?
?
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?
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?
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Vector Portal
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ALP Portal
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dark Higgs Heavy Neutral Lepton

a photons
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⋯

axion-like-particle

⋯

higher dimension

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

Introduction and Motivations · Hidden Portals
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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

𝜒!
𝜒"

Dark Sector

two-component Weyl 
fermions forming a Dirac pair

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

From the diagonalization of the fermion mass terms

Dirac Majorana

with

(iDM)

𝜒! 𝜒"⇒
pseudo-Dirac pair

mass 
eigenstates⇒

pseudo-Dirac pair with nearly degenerate masses

⇒

Mass splitting

𝑍!
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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

From the diagonalization of the fermion mass terms

Dirac Majorana

with

(iDM)

𝜒! 𝜒"⇒
pseudo-Dirac pair

mass 
eigenstates⇒

pseudo-Dirac pair with nearly degenerate masses

⇒

Mass splitting

𝑍!

Dark Matter
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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

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  

⇒

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?
• 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  

⇒

iDMQ
models

free parameters:
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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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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
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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>
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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
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c) �2 f ! �1 f
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d) �2 ! �1Z
⇤
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Inelastic Dark Matter · ReD-DeLiVeR code

ReD-DeLiVeR (Relic Density with DeLiVeR) 

update of the previous python package DELIVER (Decays of Light Vectors Revised), which can be used to 
compute decay rates and branching ratios for user-defined U(1)Q	 charges,

key feature: includes a complete set of hadronic decays (20 channels)

27

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

ReD-DeLiVeR (Relic Density with DeLiVeR) 

update of the previous python package DELIVER (Decays of Light Vectors Revised), which can be used to 
compute decay rates and branching ratios for user-defined U(1)Q	 charges,

key feature: includes a complete set of hadronic decays (20 channels)

28

new version: 
simplified DM models
inelastic DM• inclusion of DM candidates 

• computation of relic density and rates
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ReD-DeLiVeR (Relic Density with DeLiVeR) 

update of the previous python package DELIVER (Decays of Light Vectors Revised), which can be used to 
compute decay rates and branching ratios for user-defined U(1)Q	 charges,

key feature: includes a complete set of hadronic decays (20 channels)
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new version: 
simplified DM models
inelastic DM• inclusion of DM candidates 

• computation of relic density and rates
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Inelastic Dark Matter · ReD-DeLiVeR code

ReD-DeLiVeR (Relic Density with DeLiVeR) 

update of the previous python package DELIVER (Decays of Light Vectors Revised), which can be used to 
compute decay rates and branching ratios for user-defined U(1)Q	 charges,

key feature: includes a complete set of hadronic decays (20 channels)

30

new version: 

• computation of thermal targets

simplified DM models
inelastic DM• inclusion of DM candidates 

• computation of relic density and rates

specially for B-coupled models, it is very important to 
compute correctly the hadronic contributions
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Inelastic Dark Matter · ReD-DeLiVeR code

ReD-DeLiVeR (Relic Density with DeLiVeR) 

update of the previous python package DELIVER (Decays of Light Vectors Revised), which can be used to 
compute decay rates and branching ratios for user-defined U(1)Q	 charges,

key feature: includes a complete set of hadronic decays (20 channels)

31

new version: 

publicly available on GitHub together with a Tutorial!
https://github.com/anafoguel/ReD-DeLiVeR

specially for B-coupled models, it is very important to 
compute correctly the hadronic contributions

simplified DM models
inelastic DM• inclusion of DM candidates 

• computation of relic density and rates

• computation of thermal targets

https://github.com/anafoguel/ReD-DeLiVeR
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Inelastic Dark Matter · Bounds
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Inelastic Dark Matter · Bounds
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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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Inelastic Dark Matter
DM Thermal Freeze-out · WIMP miracle

We know that freeze-out happens when 
<latexit sha1_base64="0dDAasBJJPS/2BH1SbrT8AH1Vnc=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FD/ZYwX5AdynZNNuGJtk1yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nitAmiXmsOiHWlDNJm4YZTjuJoliEnLbD0d3Mb4+p0iyWj2aS0EDggWQRI9hYKfDvsRAY+ZoJVO+VK27VnQOtEi8nFcjR6JW//H5MUkGlIRxr3fXcxAQZVoYRTqclP9U0wWSEB7RrqcSC6iCbHz1FZ1bpoyhWtqRBc/X3RIaF1hMR2k6BzVAvezPxP6+bmugmyJhMUkMlWSyKUo5MjGYJoD5TlBg+sQQTxeytiAyxwsTYnEo2BG/55VXSuqh6V1Xv4bJSu83jKMIJnMI5eHANNahDA5pA4Ame4RXenLHz4rw7H4vWgpPPHMMfOJ8/vUWRbg==</latexit>

� ⇠ H

<latexit sha1_base64="TP4UGxn5heYDIEonaef03+9nkdM="></latexit>

m� ⇠ ↵e↵

p
TeqMPl ⇠ ↵e↵ ⇥ 30TeV

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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Decay rates · Dark fermion 𝜒)
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<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

Inelastic Dark Matter · Decay Rates
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Decay rates · Dark fermion 𝜒)

Inelastic Dark Matter · Decay Rates
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Inelastic Dark Matter · Bounds

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

iDMB

⇒


