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RELIC ABUNDANCE OF A THERMAL RELIC

AND THE FREEZE-OUT TEMPERATURE IS DETERMINED BY THE STANDARD RELATION

BUT

(SOLVING THE BOLTZMAN EQUTIAN, e.g. KOLB&TURNER 
FOR THE EVOLUTION OF ITS NUMBER DENSITY)
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FOR COLD DM

SO WE NEED ITS ANNIHILATION CROSS SECTIONS INTO PARTICLES IN THE BATH  OF  ORDER  1pb!

DM AS A THERMAL RELIC FREEZED OUT  FROM A THERMAL BATH?
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ON DIMENSIONAL GROUND

WHERE  THOSE ARE THE CHARACTERISTIC  FOR THE PROCESS COUPLING AND MASS

IT SO  HAPPENS THAT WEAK COUPLING AND WEAK SCALE FIT TO THE PICTURE(WIMP MIRACLE)  AND A NATURAL
IDEA WOULD BE TO THINK ABOUT A FREEZE OUT FROM THE THERMAL EQUILIBRUM WITH THE SM PARTICLES.



BUT THE PROBLEM IS THAT THE DETECTION EXPERIMENTS RELY ON DM INTERACTION WITH SM, TOO
(UP TO DETAILS THAT CAN BE DIFFERENT)

A. Arbey and F. Mahmoudi, 
Dark matter and the early 

Universe: a review 





WIMP MIRACLE –AN ACCIDENTAL COINCIDENCE?

DETECTION SIGNATURES DEPEND ON THE DM INTERACTION WITH THE SM BUT THE

ANNIHILATION CROSS SECTION OF 1pb  IS MORE “FLEXIBLE”:

DECREASING THE MASS SCALE AND THE COUPLING AND/OR MAKING THE ANNIHILATION CROSS SECTION DEPENDENT 
ON DIFFERENT SET OF PARAMETERS THAN THE DETECTION PROCESSES ONE CAN KEEP THE CROSS SECTION CONSTANT 
AND IT WOULD SOLVE THE PROBLEM

MANY IDEAS…
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Thermal production (freeze out) only with gravitational 
interactions?

THERMAL UNIVERSE- SO MANY SUCCESSES… 

CAN WE HAVE CORRECT RELIC ABUNDANCE  AND AT THE SAME TIME 
SUPPRESSED, BUT STILL DETECTABLE INTERACTIONS OF DM WITH THE SM,
WITH ONLY GRAVITATIONAL INTERACTIONS?

GO BEYOND THE EINSTEIN GRAVITY



In theories with a warped fifth dimension, scales are naturally 
originating from the Planck scale by branes located at particular 
distances and stabilized by the Goldberger-Wise mechanism.

Gravitational sector contains scalars –radion KK modes.

RS-LIKE SCENARIOS WITH MULTIPLE BRANES
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ONE INTERESTING MOTIVATION (e.g. K. AGASHE, P.DU, S. HONG and R. 
SUNDRUM  - 1608.00526, JHEP)- PERFECT FRAMEWORK FOR:

SEARCHING  FOR A PHYSICS LYING BELOW THE SCALE AT WHICH THE HIERARCHY 
PROBLEM IS SOLVED (GIVEN ALL THE PRECISION AND FLAVOUR CONSTRAINTS),  
WHICH WOULD BE ALMOST (BUT NOT TOTALLY) 
DECOUPLED FROM THE SM  AND WITHIN THE REACH OF  NEAR FUTURE EXPERIMENTS

ALSO 4D PERSPECTIVE  (WITH EINSTEIN GRAVITY) = AdS/CFT 
DUALITY TO SEVERAL  STRONG CONFINING SCALES AND NEW STATES (e.g.DILATONS) 

DM IN 3-BRANE MODEL  AS AN EXERCISE TO JUDGE SUCH POSSIBILITIES?

-  “VESTIGES OF NATURALNESS”



SM (TeV)

DB (GeV)

SM

graviton, radion, 𝜙
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E. Megías, G. Nardini, M.Quiros, 2306.17071
Phys.Rev.D 108 (2023) 9, 095017
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UV (Planck)

ℬ#

warp factor

𝑅(ℎ𝑒𝑎𝑣𝑦)

S.J. Lee , Y.Nakai and M. Suzuki 2109.10938
JHEP 02 (2022) 050



⇢T ⇡ 1 TeV
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The SM is located at the scale                                   brane separated from the 
Planck  scale by around 35 e-folds.

An extra Dark Brane at 

scale separated from the Planck scale by around 40 e-folds.

BY THE WAY,
NANOGrav results can be accommodated in a strong FOPT at a scale 10 MeV-10 GeV 

E. Megías, G. Nardini, M.Quiros,  2306.17071
Phys.Rev.D 108 (2023) 9, 095017

⇢1 . 100 GeV << ⇢T
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• Only the graviton and radion and the GW field can propagate 
in the bulk of the fifth dimension

That means that the matter localized on the Dark Brane has only 
"gravitational" interactions with the SM localized on the TeV 
brane

• That fits the properties of Dark Matter: mainly gravitational 
interactions with the SM to avoid experimental constraints

• Matter localized on the Dark Brane has strong enough 
interactions with the radion to trigger thermal relic density; 

• A very simple DM model with a Dirac fermion 𝜒 localized on 
the Dark Brane with a mass 𝑚!  

1
3

THE COUPLINGS OF THE RADION AND GRAVITONS  TO BOTH BRANES ARE DETERMINED BY THE 5th DIMENSIONAL
PROFILES



KK graviton couplings
In 4d effective theory
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Radion couplings cr(BT )r(x)TT (x)
<latexit sha1_base64="IaALrK5mZ8yJquF8R9iIPFRez2o=">AAAB/HicdVDJSgNBEK2JW4zbaI5eGoOQXMIkCnoM8eIxwmSBZBh6Oj1Jk56F7h5xGOKvePGgiFc/xJt/Y2cRjMuDKh7vVVHF82LOpLKsDyO3tr6xuZXfLuzs7u0fmIdHHRklgtA2iXgkeh6WlLOQthVTnPZiQXHgcdr1Jlczv3tLhWRRaKs0pk6ARyHzGcFKS65ZJK4oN127Isp3Fdu1dS+4ZqlWteZA1i/yZZVgiZZrvg+GEUkCGirCsZT9mhUrJ8NCMcLptDBIJI0xmeAR7Wsa4oBKJ5s/P0WnWhkiPxK6QoXm6veNDAdSpoGnJwOsxvKnNxP/8vqJ8i+djIVxomhIFof8hCMVoVkSaMgEJYqnmmAimP4VkTEWmCid10oI/5NOvVo7q9ZvzkuN5jKOPBzDCZShBhfQgGtoQRsIpPAAT/Bs3BuPxovxuhjNGcudIqzAePsE6EGS/Q==</latexit>

cr(B1) =
1p
6⇢1

<latexit sha1_base64="r8FfSSPeZluMXnNtrAy50cu9Jnc=">AAACC3icdZDLSgMxGIUzXmu9jbp0E1qEuikzVdSNUOrGZQV7gU4ZMmmmDc0kY5IRyjB7N76KGxeKuPUF3Pk2phfBejkQOJzz/yT5gphRpR3nw1pYXFpeWc2t5dc3Nre27Z3dphKJxKSBBROyHSBFGOWkoalmpB1LgqKAkVYwvBj3rVsiFRX8Wo9i0o1Qn9OQYqRN5NsF7MtSzXcPz71QIpy6WeqpG6nTk8yTA+G7Wd63i27ZmQg6v8xXVQQz1X373esJnESEa8yQUh3XiXU3RVJTzEiW9xJFYoSHqE86xnIUEdVNJ3/J4IFJejAU0hyu4ST9vpGiSKlRFJjJCOmB+tmNw7+6TqLDs25KeZxowvH0ojBhUAs4BgN7VBKs2cgYhCU1b4V4gAwTbfDNQfjfNCtl96hcuTouVmszHDmwDwqgBFxwCqrgEtRBA2BwBx7AE3i27q1H68V6nY4uWLOdPTAn6+0TyoCaRA==</latexit>

cn(B)h(n)
µ⌫ (x)T

µ⌫
B

<latexit sha1_base64="qaQu/okCe6q/6R8MkIBS8IILY4w=">AAACDnicdVDLSsNAFJ3UV62vqEs3wVJINyWpgi5L3bis0Bc0aZhMJ+3QmUmYmYgl5Avc+CtuXCji1rU7/8b0BfV14MKZc+7lzj1+RIlUlvWp5dbWNza38tuFnd29/QP98Kgtw1gg3EIhDUXXhxJTwnFLEUVxNxIYMp/ijj++mvqdWywkCXlTTSLsMjjkJCAIqkzy9BLyuFkvj/qJycuplzgsdnicmnflZn/58OqeXrQr1gyG9YssrSJYoOHpH84gRDHDXCEKpezZVqTcBApFEMVpwYkljiAawyHuZZRDhqWbzM5JjVKmDIwgFFlxZczU1YkEMiknzM86GVQj+dObin95vVgFl25CeBQrzNF8URBTQ4XGNBtjQARGik4yApEg2V8NNIICIpUlWFgN4X/Srlbss0r15rxYqy/iyIMTcApMYIMLUAPXoAFaAIF78AiewYv2oD1pr9rbvDWnLWaOwTdo719+XZvH</latexit>

c1(B1) ⇡
1

⇢1
<latexit sha1_base64="3r1Bt86Ez+t1HkI0UtziBUACKBk=">AAACCnicdZDLSgMxGIUzXmu9jbp0Ey1C3ZSZKuiy1I3LCvYCnWHIpJk2NDMJSUYsw6zd+CpuXCji1idw59uYXgTr5UDgcM7/k+QLBaNKO86HtbC4tLyyWlgrrm9sbm3bO7stxVOJSRNzxmUnRIowmpCmppqRjpAExSEj7XB4Me7bN0QqypNrPRLEj1E/oRHFSJsosA9w4JbrgXvsISEkv4VeJBHO3Dzz5IAHbl4M7JJbcSaCzi/zVZXATI3Afvd6HKcxSTRmSKmu6wjtZ0hqihnJi16qiEB4iPqka2yCYqL8bPKVHB6ZpAcjLs1JNJyk3zcyFCs1ikMzGSM9UD+7cfhX1011dO5nNBGpJgmeXhSlDGoOx1xgj0qCNRsZg7Ck5q0QD5BhoQ29OQj/m1a14p5UqlenpVp9hqMA9sEhKAMXnIEauAQN0AQY3IEH8ASerXvr0XqxXqejC9ZsZw/MyXr7BHT1mX4=</latexit>

cr(BT ) =
1p
6⇢T

(
⇢1
⇢T

)
<latexit sha1_base64="oOJNgv8SaqzYD4fudhfF1cRmeyI=">AAACInicdZDLSsNAFIYnXmu9RV26CRah3ZSkipeFUOrGZYXeoClhMp20QyeZODMRSsizuPFV3LhQ1JXgwzhJKlgvBwb++b9zODO/G1IipGm+awuLS8srq4W14vrG5ta2vrPbESziCLcRo4z3XCgwJQFuSyIp7oUcQ9+luOtOLlPevcVcEBa05DTEAx+OAuIRBKWyHP0cObzccFqVC9vjEMVWEtvihsv4JLH5mDmtpJyD7JbS3K0UHb1kVc2sDPOX+EIlMKumo7/aQ4YiHwcSUShE3zJDOYghlwRRnBTtSOAQogkc4b6SAfSxGMTZFxPjUDlDw2NcnUAamft9Ioa+EFPfVZ0+lGPxk6XmX6wfSe9sEJMgjCQOUL7Ii6ghmZHmZQwJx0jSqRIQcaLeaqAxVIlIlepcCP+LTq1qHVVr18elemMWRwHsgwNQBhY4BXVwBZqgDRC4Aw/gCTxr99qj9qK95a0L2mxmD8yV9vEJaOikNg==</latexit>

THE GRAVITON COUPLING TO THE SM BRANE IS MUCH SMALLER THAN THE RADION  COUPLING. FORGET THE GRAVITON

DIM [1/m]



• The model has 3 free parameters relevant for the DM 
calculation.

• The scale of the Dark Brane 𝜌!. 

• The DM mass 𝑚". We consider it in the range 𝑚" < 𝜌!. In this 
way the non-relativistic annihilation into gravitons KK modes 
𝜒𝜒 → 𝐺#𝐺# cannot take place

• The radion mass 𝑚$. We take 𝑚$ < 𝑚" and 𝑚$ ≪ 𝜌! . In this 
way the radion decay 𝑟 → 𝜒𝜒 is closed and only the channel 𝑟 →
SM+ SM is kinematically accessible

15



RADION AND DARK MATTER COSMOLOGY: 
OUR SYSTEM IS THE SM  THERMAL PLASMA + RADION r + DM �
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THE RELEVANT PROCESSES  ARE
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NEGLECTING IRRELEVANT KK GRAVITON EXCHANGE, THEY  ARE ALL DETERMINED BY THE RADION
COUPLINGS WITH THE SM AND IR BRANES



17

𝑟 𝑟

𝜒 𝜒 SM SM

= 𝒪(1) ≪ 1⇥ 1

⇢1
<latexit sha1_base64="wY1IuzQZuIwYmbLw1jCPSmV73pM=">AAACAHicdVDLSsNAFL2pr1pfURcu3ASL4KokVdBl0Y3LCvYBTQiT6aQdOpkJMxOhhGz8FTcuFHHrZ7jzb5w+BOvjwIXDOfdy7z1RyqjSrvthlZaWV1bXyuuVjc2t7R17d6+tRCYxaWHBhOxGSBFGOWlpqhnpppKgJGKkE42uJn7njkhFBb/V45QECRpwGlOMtJFC+8DXNCHKjyXCuVfkvhyK0CsqoV31au4UjvuLfFlVmKMZ2u9+X+AsIVxjhpTqeW6qgxxJTTEjRcXPFEkRHqEB6RnKkdka5NMHCufYKH0nFtIU185U/T6Ro0SpcRKZzgTpofrpTcS/vF6m44sgpzzNNOF4tijOmKOFM0nD6VNJsGZjQxCW1Nzq4CEyWWiT2UII/5N2vead1uo3Z9XG5TyOMhzCEZyAB+fQgGtoQgswFPAAT/Bs3VuP1ov1OmstWfOZfViA9fYJpOyWbA==</latexit>

⇥ 1

⇢1
<latexit sha1_base64="wY1IuzQZuIwYmbLw1jCPSmV73pM=">AAACAHicdVDLSsNAFL2pr1pfURcu3ASL4KokVdBl0Y3LCvYBTQiT6aQdOpkJMxOhhGz8FTcuFHHrZ7jzb5w+BOvjwIXDOfdy7z1RyqjSrvthlZaWV1bXyuuVjc2t7R17d6+tRCYxaWHBhOxGSBFGOWlpqhnpppKgJGKkE42uJn7njkhFBb/V45QECRpwGlOMtJFC+8DXNCHKjyXCuVfkvhyK0CsqoV31au4UjvuLfFlVmKMZ2u9+X+AsIVxjhpTqeW6qgxxJTTEjRcXPFEkRHqEB6RnKkdka5NMHCufYKH0nFtIU185U/T6Ro0SpcRKZzgTpofrpTcS/vF6m44sgpzzNNOF4tijOmKOFM0nD6VNJsGZjQxCW1Nzq4CEyWWiT2UII/5N2vead1uo3Z9XG5TyOMhzCEZyAB+fQgGtoQgswFPAAT/Bs3VuP1ov1OmstWfOZfViA9fYJpOyWbA==</latexit>

cr(BT ) =
1p
6⇢T

(
⇢1
⇢T

)
<latexit sha1_base64="oOJNgv8SaqzYD4fudhfF1cRmeyI=">AAACInicdZDLSsNAFIYnXmu9RV26CRah3ZSkipeFUOrGZYXeoClhMp20QyeZODMRSsizuPFV3LhQ1JXgwzhJKlgvBwb++b9zODO/G1IipGm+awuLS8srq4W14vrG5ta2vrPbESziCLcRo4z3XCgwJQFuSyIp7oUcQ9+luOtOLlPevcVcEBa05DTEAx+OAuIRBKWyHP0cObzccFqVC9vjEMVWEtvihsv4JLH5mDmtpJyD7JbS3K0UHb1kVc2sDPOX+EIlMKumo7/aQ4YiHwcSUShE3zJDOYghlwRRnBTtSOAQogkc4b6SAfSxGMTZFxPjUDlDw2NcnUAamft9Ioa+EFPfVZ0+lGPxk6XmX6wfSe9sEJMgjCQOUL7Ii6ghmZHmZQwJx0jSqRIQcaLeaqAxVIlIlepcCP+LTq1qHVVr18elemMWRwHsgwNQBhY4BXVwBZqgDRC4Aw/gCTxr99qj9qK95a0L2mxmD8yV9vEJaOikNg==</latexit>

L = �cr(B)r(x)TB(x) TB(x) = ⌘µ⌫T
µ⌫
B

<latexit sha1_base64="99hvL1r6plO50EiJ8INHXqTxXQ0="></latexit>

cr(B1) ⇡
1

⇢1
<latexit sha1_base64="UI4MJkMVgikDqV41CncfRW3CKIk=">AAACCHicdZDLSgMxGIUzXmu9jbp04WAR6qbMVEGXpW5cVrAX6AxDJs20oZkkJBmxDLN046u4caGIWx/BnW9jehHq7UDgcM7/k+SLBCVKu+6HtbC4tLyyWlgrrm9sbm3bO7stxVOJcBNxymUnggpTwnBTE01xR0gMk4jidjS8GPftGywV4exajwQOEthnJCYIahOF9gEKZbkeesc+FELyWz+WEGVenvlywEMvD+2SV3Enctxf5qsqgZkaof3u9zhKE8w0olCprucKHWRQaoIozot+qrCAaAj7uGssgwlWQTb5SO4cmaTnxFyaw7QzSec3MpgoNUoiM5lAPVA/u3H4V9dNdXweZISJVGOGphfFKXU0d8ZUnB6RGGk6MgYiScxbHTSABoU27IrzEP43rWrFO6lUr05LtfoMRwHsg0NQBh44AzVwCRqgCRC4Aw/gCTxb99aj9WK9TkcXrNnOHvgm6+0TQeeZgQ==</latexit>

THE SMALL  PARAMETER IS cr(BT ) ⌘ cr
<latexit sha1_base64="ZYYgMQHODbjxqA8drn7FkNEIcxQ=">AAAB+3icdVDLTgIxFO3gC/E14tJNIzHBzWQYEHBHcOMSE14JTCad0oGGzsO2QyQTfsWNC41x64+482/sACZq9CQ3OT3n3vTe40aMCmmaH1pmY3Nreye7m9vbPzg80o/zXRHGHJMODlnI+y4ShNGAdCSVjPQjTpDvMtJzp9ep35sRLmgYtOU8IraPxgH1KEZSSY6exw4vNp32xZDcxXQG1dPRC6ZxVa9alxY0DdOsWeVqSqxaxSrDklJSFMAaLUd/H45CHPskkJghIQYlM5J2grikmJFFbhgLEiE8RWMyUDRAPhF2stx9Ac+VMoJeyFUFEi7V7xMJ8oWY+67q9JGciN9eKv7lDWLp1e2EBlEsSYBXH3kxgzKEaRBwRDnBks0VQZhTtSvEE8QRliqunArh61L4P+laRqlsWLeVQqO5jiMLTsEZKIISqIEGuAEt0AEY3IMH8ASetYX2qL1or6vWjLaeOQE/oL19Akzxk/s=</latexit>



�(r ! SM + SM) / c2r

�r ⌘ �(rr ! SM + SM) / c4r

�0 ⌘ �(�� ! SM + SM) / c2r

�� ⌘ �(�� ! rr) / c0r
<latexit sha1_base64="3HePCwWFgm95Riz0NrX3RriOOrU="></latexit>

THE MAGNITUDE OF THOSE CROSS SECTIONS DETERMINES THE EVOLUTION OF  NUMBER DENSITIES
OF  DM AND RADION ( BOLTZMANN  EQS)

TWO QUALITATIVELY DIFFERENT REGIONS

mr > 2me
<latexit sha1_base64="vE7gMPedV9S4KXAfx2Ln6ziBtMU=">AAAB73icdVDLSgMxFM3UV62vqks3wSK4GmbS2taNFN24rGAf0A5DJs20ocnMmGSEUvoTblwo4tbfceffmGkrqOiBC4dz7uXee4KEM6Ud58PKrayurW/kNwtb2zu7e8X9g7aKU0loi8Q8lt0AK8pZRFuaaU67iaRYBJx2gvFV5nfuqVQsjm71JKGewMOIhYxgbaSu8OUFEj71iyXHPq9X0RmCju04NVSuZgTVKqgMXaNkKIElmn7xvT+ISSpopAnHSvVcJ9HeFEvNCKezQj9VNMFkjIe0Z2iEBVXedH7vDJ4YZQDDWJqKNJyr3yemWCg1EYHpFFiP1G8vE//yeqkO696URUmqaUQWi8KUQx3D7Hk4YJISzSeGYCKZuRWSEZaYaBNRwYTw9Sn8n7SR7ZZtdFMpNS6XceTBETgGp8AFNdAA16AJWoAADh7AE3i27qxH68V6XbTmrOXMIfgB6+0T+3OP8Q==</latexit>

The decay r   -à SM SM  plays important role in ensuring its equilibrum
With the SM;  simple qualitative picture of solutions to Boltzmann eqs.
Short enough life-time for not to perturbed the BBN bound on light DOF

mr < 2me
<latexit sha1_base64="HFXz2VsAD05CACyxIwD/NJ+s6qo=">AAAB73icdVDLSgMxFM3UV62vqks3wSK4GmbS2lZwUXTjsoJ9QDsMmTTThiYzY5IRSulPuHGhiFt/x51/Y6atoKIHLhzOuZd77wkSzpR2nA8rt7K6tr6R3yxsbe/s7hX3D9oqTiWhLRLzWHYDrChnEW1ppjntJpJiEXDaCcZXmd+5p1KxOLrVk4R6Ag8jFjKCtZG6wpcXSPjUL5Yc+7xeRWcIOrbj1FC5mhFUq6AydI2SoQSWaPrF9/4gJqmgkSYcK9VznUR7Uyw1I5zOCv1U0QSTMR7SnqERFlR50/m9M3hilAEMY2kq0nCufp+YYqHURASmU2A9Ur+9TPzL66U6rHtTFiWpphFZLApTDnUMs+fhgElKNJ8Ygolk5lZIRlhiok1EBRPC16fwf9JGtlu20U2l1LhcxpEHR+AYnAIX1EADXIMmaAECOHgAT+DZurMerRfrddGas5Yzh+AHrLdP+GOP7w==</latexit>

Requires more advanced analysis of BE; excluded by BBN bounds unless very
Long lived;  a candidate on DM in the latter case?





DM INTERACTION WITH THE SM BY ECHANGE OF THE 
RADION:

�� ! ff̄ �� ! gg �� ! ��
<latexit sha1_base64="1DwoSKBE9HukpfuBLnUL09gFn9A=">AAACTXicfVHLSgMxFM3UR2t9VV26CRbBVZlWQZdFNy4r2Ad0hnInk5mGJpMhyShlqB/oRnDnX7hxoYg4fQhVq2dxOZxzLrmceDFn2tj2k5VbWl5ZzRfWiusbm1vbpZ3dlpaJIrRJJJeq44GmnEW0aZjhtBMrCsLjtO0NLsZ++4YqzWR0bYYxdQWEEQsYAZNJvZLvkD7D4+EoFvYNKCVvcZA6HigcjO6mWBgKw/9cJwQhYDp7pXK1Yk+A7V/kyyqjGRq90qPjS5IIGhnCQetu1Y6Nm4IyjHA6KjqJpjGQAYS0m9EIBNVuOmljhA8zxceBzO6XkcETdX4jBaH1UHhZUoDp65/eWFzkdRMTnLkpi+LE0IhMHwoSjo3E42qxzxQlhg8zAkSx7FZM+qCAmOwDivMl/E1atUr1uFK7OinXz2d1FNA+OkBHqIpOUR1dogZqIoLu0TN6RW/Wg/VivVsf02jOmu3soW/I5T8BYqa3jQ==</latexit>

Td ⇡ 0.2 GeV + 0.1m�
<latexit sha1_base64="BnL5JqDHTDx46NO0i6DlR/Ivbwg=">AAACBnicdZBNS8MwHMbT+TbnW9WjCMEhCEJpp6DHoQc9TtgbrKWkabqFpW1IUnGUefHiV/HiQRGvfgZvfhuzF2EOfSDw8Pz+f5I8AWdUKtv+MgoLi0vLK8XV0tr6xuaWub3TlGkmMGnglKWiHSBJGE1IQ1HFSJsLguKAkVbQvxzx1i0RkqZJXQ048WLUTWhEMVI68s39uh+6iHOR3kHbqtxfkeaxbTkw9l3co75Zdix7LE3nzQ8qg6lqvvnphinOYpIozJCUHcfmysuRUBQzMiy5mSQc4T7qko62CYqJ9PLxN4bwUCchjFKhT6LgOJ3dyFEs5SAO9GSMVE/Os1H4F+tkKjr3cprwTJEETy6KMgZVCkedwJAKghUbaIOwoPqtEPeQQFjp5kqzJfxvmhXLObEqN6fl6sW0jiLYAwfgCDjgDFTBNaiBBsDgATyBF/BqPBrPxpvxPhktGNOdXfBLxsc3lNmXRQ==</latexit>

< �v ><< 10�9GeV �2
<latexit sha1_base64="kgK4Y/XO3DF82F5NoOodKV1Xkzs=">AAACBXicdZDLSgMxGIUzXmu9jbrURbAIbiwzVVChSNGFLivYC7RjyaSZNjTJDEmmUIbZuPFV3LhQxK3v4M63Mb0I9XYg8HHO/5Pk+BGjSjvOhzUzOze/sJhZyi6vrK6t2xubVRXGEpMKDlko6z5ShFFBKppqRuqRJIj7jNT83sUwr/WJVDQUN3oQEY+jjqABxUgbq2XvFJuKdjiC/bNi0XVuk4PTFF6SqoFC2rJzbt4ZCTq/4CvKgYnKLfu92Q5xzInQmCGlGq4TaS9BUlPMSJptxopECPdQhzQMCsSJ8pLRL1K4Z5w2DEJpjtBw5E5vJIgrNeC+meRId9XPbGj+lTViHZx4CRVRrInA44uCmEEdwmElsE0lwZoNDCAsqXkrxF0kEdamuOx0Cf9DtZB3D/OF66Nc6XxSRwZsg12wD1xwDErgCpRBBWBwBx7AE3i27q1H68V6HY/OWJOdLfBN1tsnjyGWsQ==</latexit>

HUGE OVERABUNDANCE BUT
    NO PROBLEM WITH DETECTION?
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DM AND RADION AS “VESTIGES   OF NATURALNESS”? 



Direct detection

PTA region

𝜒 𝜒

N N

FOR SUB-GeV DM ALMOST NO BOUNDS
FROM   recoil experiments



ACCELERATOR   SEARCHES,  E.G.   Z boson + Missing energy  sensitive to

L =
mq

⇤3
(qq̄)(��̄)

<latexit sha1_base64="KxfyhXGI1tSIOUWmK6gAxfoVWzc="></latexit>

(Z boson radiated from a quark)

In the model 

⇤ = (
6m2

r⇢
2
T

m�
)1/3

<latexit sha1_base64="4kAfxoUk5Ae6gd9SDKRq5G+jwsY="></latexit>

EXP. Bound ⇤ > 0.1GeV
<latexit sha1_base64="PoPGiMeP0sdOn++LaMEA+eRv2Kg=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovgKiRpbetGii504aKCfUAbymQyaYdOHsxMlBL7KW5cKOLWL3Hn3zhpK6jogYHDOedy7xw3ZlRI0/zQckvLK6tr+fXCxubW9o5e3G2LKOGYtHDEIt51kSCMhqQlqWSkG3OCApeRjjs+z/zOLeGCRuGNnMTECdAwpD7FSCppoBf7VyrsIXgKTcOCF6Q90EumcVKv2se2kkyzZperGbFrFbsMLaVkKIEFmgP9ve9FOAlIKDFDQvQsM5ZOirikmJFpoZ8IEiM8RkPSUzREARFOOjt9Cg+V4kE/4uqFEs7U7xMpCoSYBK5KBkiOxG8vE//yeon0605KwziRJMTzRX7CoIxg1gP0KCdYsokiCHOqboV4hDjCUrVVUCV8/RT+T9q2YZUN+7pSapwt6siDfXAAjoAFaqABLkETtAAGd+ABPIFn7V571F6013k0py1m9sAPaG+fyz+SaQ==</latexit>

For 

mr = 1MeV, m� = 6GeV, ⇢T = 1TeV
<latexit sha1_base64="GgHSjpw9T4asG1T5zAZgcV95W2E="></latexit>

⇤ = 1GeV
<latexit sha1_base64="H7/CaHBXa0dws4N27YIdRARuvIg=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQpLWti6EogtduKhgH9CEMplM2qGTSZiZCCX0N9y4UMStP+POv3HSVlDRAwOHc87l3jl+wqhUlvVhLC2vrK6tFzaKm1vbO7ulvf2OjFOBSRvHLBY9H0nCKCdtRRUjvUQQFPmMdP3xZe5374mQNOZ3apIQL0JDTkOKkdKS697oaIDO7SvSGZTKlnnWqDmnDrRMy6o7lVpOnHrVqUBbKznKYIHWoPTuBjFOI8IVZkjKvm0lysuQUBQzMi26qSQJwmM0JH1NOYqI9LLZzVN4rJUAhrHQjys4U79PZCiSchL5OhkhNZK/vVz8y+unKmx4GeVJqgjH80VhyqCKYV4ADKggWLGJJggLqm+FeIQEwkrXVNQlfP0U/k86jmlXTOe2Wm5eLOoogENwBE6ADeqgCa5BC7QBBgl4AE/g2UiNR+PFeJ1Hl4zFzAH4AePtE2YYkUc=</latexit>

⇤ = 1GeV
<latexit sha1_base64="H7/CaHBXa0dws4N27YIdRARuvIg=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQpLWti6EogtduKhgH9CEMplM2qGTSZiZCCX0N9y4UMStP+POv3HSVlDRAwOHc87l3jl+wqhUlvVhLC2vrK6tFzaKm1vbO7ulvf2OjFOBSRvHLBY9H0nCKCdtRRUjvUQQFPmMdP3xZe5374mQNOZ3apIQL0JDTkOKkdKS697oaIDO7SvSGZTKlnnWqDmnDrRMy6o7lVpOnHrVqUBbKznKYIHWoPTuBjFOI8IVZkjKvm0lysuQUBQzMi26qSQJwmM0JH1NOYqI9LLZzVN4rJUAhrHQjys4U79PZCiSchL5OhkhNZK/vVz8y+unKmx4GeVJqgjH80VhyqCKYV4ADKggWLGJJggLqm+FeIQEwkrXVNQlfP0U/k86jmlXTOe2Wm5eLOoogENwBE6ADeqgCa5BC7QBBgl4AE/g2UiNR+PFeJ1Hl4zFzAH4AePtE2YYkUc=</latexit>

One gets



Accelerator searches

𝑒! 𝑒!

𝑒!

𝑒"

Z

i) 𝑚" < 𝑚# < 𝑚$     NA64 @ CERN SPS

Our prediction is

𝑔#"" = 2×10%&'(𝜌
˜
&/𝐺𝑒𝑉) ≲ 10%)  

In agreement with present bounds, based on
invisible decay of the messenger

𝑟 → 𝜒𝜒
ii) The radion can decay inside or outside 
the detector depending on the values of 
the parameters 𝑚#  and 𝜌&    

PTA region



SUMMARY

TRUE OR NOT, IT IS AMUSING… (GRAHAM ROSS)

ONLY “GRAVITATIONALLY” INTERACTING DM WITH CORRECT THERMAL ABUNDANCE, DETECTABLE BUT
AVOIDING THE PRESENT BOUNDS.

4D INTERPRETATION, WITH SEVERAL STRONG CONFINIG SCALES?



�f ⇡ m�mf

⇢2T

1

16⇡s
<latexit sha1_base64="1ZepTzHJ9BPMvt6ilomRUfs3Bqw=">AAACJXicdZDLSgMxGIUzXmu9VV26CRbBVZmpoi5cFN24rNAbdOqQSTNtaDIJSUYsw7yMG1/FjQuLCK58FdOLUG8HAodz/p8kXygZ1cZ1352FxaXlldXcWn59Y3Nru7Cz29AiUZjUsWBCtUKkCaMxqRtqGGlJRRAPGWmGg6tx37wjSlMR18xQkg5HvZhGFCNjo6Bw4Wva4yiIfCSlEvfQjxTCKQ983KeQB1GW+qovbstBLZtWXpZ6p76kUGdBoeiV3Img+8t8VUUwUzUojPyuwAknscEMad32XGk6KVKGYkayvJ9oIhEeoB5pWxsjTnQnnfwyg4c26cJIKHtiAyfp/EaKuNZDHtpJjkxf/+zG4V9dOzHReSelsUwMifH0oihh0Ag4Rga7VBFs2NAahBW1b4W4jywLY8Hm5yH8bxrlkndcKt+cFCuXMxw5sA8OwBHwwBmogGtQBXWAwQN4Ai9g5Dw6z86r8zYdXXBmO3vgm5yPT+XIphY=</latexit>

�g / m�

⇢2T
↵2
3

<latexit sha1_base64="AV/J6E0m+9PEvEVJVWGLSKDc0Ao=">AAACG3icdZDLSgMxFIYzXmu9VV26CRbBVZlWQZdFNy4rtLXQqcOZNNMJJpOQZIQy9D3c+CpuXCjiSnDh25jWCvV2IPDn/8/hJF+kODPW99+9ufmFxaXlwkpxdW19Y7O0td02MtOEtojkUnciMJSzlLYss5x2lKYgIk4vo+uzcX55Q7VhMm3aoaI9AYOUxYyAdVZYqgWGDQSEAxwoLZWVOIg1kFyEAUnYKA90Iq9qYXMUAFcJhIfuUipXK/6ksP9LfEVlNK1GWHoN+pJkgqaWcDCmW/WV7eWgLSOcjopBZqgCcg0D2nUyBUFNL5/8bYT3ndPHsdTupBZP3NmJHIQxQxG5TgE2MT+zsflX1s1sfNLLWaoyS1PyuSjOOHYIxqBwn2lKLB86AUQz91ZMEnBsrMNZnIXwv2jXKtXDSu3iqFw/neIooF20hw5QFR2jOjpHDdRCBN2ie/SInrw778F79l4+W+e86cwO+lbe2weoGaHH</latexit>



AT T ~ Td the DM decouples from the SM but keeps thermal equilibrum 
with radions through

to freeze out  at Tfo~20-25

�� ! rr
<latexit sha1_base64="pCLpTU5dmGitb1VMq86JWGqP//I=">AAACCXicdVDLSsNAFL3xWesr6tLNYBFclaQKuiy6cVnBPqAJZTKdNEMnkzAzUUro1o2/4saFIm79A3f+jdO0Qn0duHA4517uvSdIOVPacT6shcWl5ZXV0lp5fWNza9ve2W2pJJOENknCE9kJsKKcCdrUTHPaSSXFccBpOxheTPz2DZWKJeJaj1Lqx3ggWMgI1kbq2cgjESuK01BjKZNbT7JBNKVIyp5dcatOAeT8Il9WBWZo9Ox3r5+QLKZCE46V6rpOqv0cS80Ip+OylymaYjLEA9o1VOCYKj8vPhmjQ6P0UZhIU0KjQp2fyHGs1CgOTGeMdaR+ehPxL6+b6fDMz5lIM00FmS4KM450giaxoD6TlGg+MgQTycytiERYYqJNeOX5EP4nrVrVPa7Wrk4q9fNZHCXYhwM4AhdOoQ6X0IAmELiDB3iCZ+veerRerNdp64I1m9mDb7DePgGd9Zrr</latexit>



INTERESTING COSMOLOGICAL CONSTRAINTS (BBN)

ONE OBTAINS A LOWER BOUND ON THE DM MASS > 150 MEV FROM THE CONSTRAINT ON THE NUMBER
OF RELATIVISTIC DEGREES OF FREEDOM* (IF THE RADION IS LIGHT AND DECOUPLES FROM
THE EQUILIBRUM WITH THE SM TOGETHER WITH DM). Neff is inversly proportional to the number of the
SM degrees of freedom at the radion decoupling temperature roughly equal Td(the dark fermion decoupling
Temperature) and the later depends on its mass (see the figure).

• The constraint is due to the fact that the relation between the Hubble  and the temperature
Depends on the number of relativistic degrees of freedom. And that relation determines the 
temperature of decoupling of the nucleons via  Gamma~H, so their abundanc





• The values of 𝜙 at branes: 𝜙(0) = 𝑣4, 𝜙(𝑟5) = 𝑣5
• From the potential on the IR brane: 𝜆5 ≃ 1 + ℓ(𝜅6/6)Λ5 Λ5(𝜙) =
Λ5 +

5
6
𝛾(𝜙 − 𝑣5)6, 𝛾 → ∞ (stiff limit)

• 𝑁 (# degrees freedom of holographic theory) Vs 𝑘: 𝑁 = 4𝜋𝑀78ℓ, ℓ =
1/𝑘
• The brane scale 𝜌 (related to the interbrane distance by the warp 

factor): ℓ𝜌 = 𝑒9:*; ≃ (𝑣4/𝑣5) ⁄5 =
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i) Deviation from Newtonian potential

ii) KK graviton production at the LHC
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CMS coll. 2210.00043

𝑀456 > 2.7TeV 𝑀7458 > 1.4TeV

Bounds only valid for 𝜖,(𝑧*) = 1, for 𝜖, ≪ 1 the experiments do not have enough sensitivity 

prelim
inary

WHAT IS THIS?



• The values of 𝜙 at branes: 𝜙(0) = 𝑣4, 𝜙(𝑟5) = 𝑣5
• From the potential on the IR brane: 𝜆5 ≃ 1 + ℓ(𝜅6/6)Λ5 Λ5(𝜙) =
Λ5 +

5
6
𝛾(𝜙 − 𝑣5)6, 𝛾 → ∞ (stiff limit)

• 𝑁 (# degrees freedom of holographic theory) Vs 𝑘: 𝑁 = 4𝜋𝑀78ℓ, ℓ =
1/𝑘
• The brane scale 𝜌 (related to the interbrane distance by the warp 

factor): ℓ𝜌 = 𝑒9:*; ≃ (𝑣4/𝑣5) ⁄5 =

34

The model parameters



• The ℬ! location is stabilized by the Goldberger-Wise 
mechanism where a stabilizing bulk field 𝜙 is 
introduced
• The back-reaction of 𝜙 on the metric (creating the 

radion potential fixing the interbrane ℬ" − ℬ! 
distance) is computed using the superpotential 
method with 𝑊 = 12𝑀#

$𝑘 + 𝑢𝑘𝜙%  (𝑀# is the 5D 
Planck mass and 𝑢 ≪ 1 a small parameter)
• There are two phases which are solutions of the 5D 

Einstein equations:                                                           
•  BH deconfined phase (high T):                                   
• RS confined phase (low T):
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𝑑𝑠- = 𝑒%-.(#)𝜂12𝑑𝑥1𝑑𝑥2 − 𝑑𝑟-

𝑑𝑠- = 𝑒%-.(#)[ℎ(𝑟)𝑑𝑡- − 𝑑𝑥
⃗ -] −

1
ℎ(𝑟) 𝑑𝑟

-

blackening factor ℎ(𝑟4) = 0, event horizon (EH) 𝑟4



The phase transition

36

P. Creminelli et al., 0107141

Potential depth in RS phase

Depth in the BH phase
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THE SCALAR PERTURBATIONS  GIVE A TOWER OF RADION KK MODES.  THE LIGHTEST MODE IS LOCALIZED

TOWARDS THE IR BRANE AND GIVES THE DOMINANT CONTRIBUTION TO THE INTERACTION BETWEEN 
THE FIELDS LOCALIZED ON THE IR  AND INTERMEDIATE BRANES.
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Conclusion
We have found a 5D setup for explaining the NANOGrav SGWB at 

nanoHz frequencies and a simple model for Dark Matter

We have introduced an Dark Brane in the RS setup at the GeV scale 
associated with the presence of a new conformal sector

At the confinement scale of the conformal theory the radion gets a 
VEV in a FOPT with gravitational waves fitting the PTA data

Dark matter is localized in the Dark Brane so that in the holographic 
interpretation is a composite state at the confinement phase 

transition.

Consistency between PTA data and DM relic density plus all 
constraints is achieved in a region of the parameter space 

(𝜌&, 𝑚!, 𝑚#) 40
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i) Deviation from Newtonian potential

ii) KK graviton production at the LHC
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• A cosmological first order phase transition produces a SGWB whose 
power spectrum depends on the dynamics of the bubbles and their 
interactions with the plasma
• The amplitude of GW ℎ6ΩLM and the peak frequency 𝑓Ndepend on 

parameters of the phase transition
• The strength of the phase transition 
• The normalized inverse time duration of the phase transition
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Gravitational waves

𝛼∗ =
|𝐹6(𝑇7) − 𝐹8(𝑇7)|
𝜌6(𝑇7) − 𝐸'

𝛽
𝐻∗

= 𝑇S
𝑑𝑆T(𝑇S)
𝑑𝑇S



• The SGWB can be produced by bubble collisions 
and by interactions with the plasma (sound waves 
and hydrodynamic turbulence)
• The SGWB for very strong phase phase transitions 
𝛼∗ > 1 is expected to be dominated by bubble 
collisions
• For bubble collisions the spectrum is given by 

(𝑣U ≃ 1, 𝑇∗ ≃ 𝑇V)

43

ℎ-Ω9: = ℎ-Ω9:
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E. Megias, G. Nardini, M.Q., 2005.04127, 1806.04877



Compelling evidence for the existence of Dark Matter,

On different  astrophysical scales
(galactic, clusters of galaxies, cosmological scale,…)

84%  of the matter in the Universe is DARK
Stable (DM life time bigger than the current age of the 
Universe, 𝜌-(𝑡.) ∼ 𝜌-(𝑡/01))

(dominantly)Non-relativistic

"Weakly" interacting with  the SM



Numerical results and comparison with NANOGrav data

NANOGrav Collaboration, 2306.16219

NANOGrav results (95%): log&'𝛼∗ > −0.5, log&'(𝛽/𝐻∗) < 1
NANOGrav results (95%): 𝑇7 < 1.75GeV

NANOGrav results: ℎ-Ω9: ≲ 10%@, 𝑓$ ≳ 10%<Hz


