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Observable Sector Higgs-Sneutrino Inflation:
The observable sector of the B − L MSSM heterotic theory has the exact N = 1 supersymmetric 
particle content as the MSSM with the addition of three right-handed neutrino chiral multiplets–one 
for each of the three families. The gauge group is that of the standard model, with an extra gauged 
U(1)B−L factor. Although the B − L MSSM arises from compactification of heterotic M-theory on a 
Calabi-Yau threefold with h1,1 = 3 and, hence, has three Kähler moduli, Higgs-Sneutrino inflation is 
developed by considering only the “universal” modulus. That is, the moduli of the cosmological 
theory are the dilaton S and a single Kähler modulus T . The Kähler potential of the observable sector, 
which arises by restricting the full h1,1 = 3 theory to the universal modulus, is given by

<latexit sha1_base64="p34gY14gKtXBt9w7WnKZg8AOGKs=">AAAB+nicbVDLSsNAFJ34rPWVKq7cDC1C3ZREirosdKO7CvYBbQyT6aQdOsmEmYlSYnDjT7hwoQtF3Iof4s6/cfpYaOuBC4dz7uXee7yIUaks69tYWFxaXlnNrGXXNza3ts3cTkPyWGBSx5xx0fKQJIyGpK6oYqQVCYICj5GmN6iO/OY1EZLy8FINI+IEqBdSn2KktOSauaqbFPlhepV0MGLJeZq6ZsEqWWPAeWJPSaGS37v7fLh/qrnmV6fLcRyQUGGGpGzbVqScBAlFMSNpthNLEiE8QD3S1jREAZFOMj49hQda6UKfC12hgmP190SCAimHgac7A6T6ctYbif957Vj5p05CwyhWJMSTRX7MoOJwlAPsUkGwYkNNEBZU3wpxHwmElU4rq0OwZ1+eJ42jkn1cKl/oNMpgggzYB3lQBDY4ARVwBmqgDjC4AY/gBbwat8az8Wa8T1oXjOnMLvgD4+MHkM+XMw==</latexit>

CI
(o)are the dimensionless scalars of the B − L MSSM observable sector. are generically  

complex structure dependent hermitian matrices.
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The Inflaton: The inflaton is a linear combination of the up, neutral Higgs scalar 
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and the left-handed and right-handed sneutrinos <latexit sha1_base64="zCB+RGkVSo3WBeTAWbY4wZYibhQ=">AAAB/3icbZDLSsNAFIYn9VbrLSp0o8JgEVxISVS87ApuXLioYi/QhjiZTtqhk0mYmQglVvBJBDcuFNGlr+HOt3GadqGtPwx8/OcczpnfixiVyrK+jczU9MzsXHY+t7C4tLxirq5VZRgLTCo4ZKGoe0gSRjmpKKoYqUeCoMBjpOZ1zwb12i0Rkob8WvUi4gSozalPMVLacs18k8ducrF30N9L6UoTvC+6ZsEqWqngJNgjKJS2Nm8yj/mPsmt+NVshjgPCFWZIyoZtRcpJkFAUM9LPNWNJIoS7qE0aGjkKiHSS9P4+3NFOC/qh0I8rmLq/JxIUSNkLPN0ZINWR47WB+V+tESv/xEkoj2JFOB4u8mMGVQgHYcAWFQQr1tOAsKD6Vog7SCCsdGQ5HYI9/uVJqO4X7aPi4aVO4xQMlQUbYBvsAhscgxI4B2VQARjcgSfwAl6NB+PZeDPeh60ZYzSzDv7I+PwBaF2XRA==</latexit>⌫L,3, ⌫R,3 . Specifically, 
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K = ��2
4 ln(S + S̄)� 3�2

4 ln(T + T̄ � GIJ̄CI
(o)C̄

J̄
(o))

That is, no-scale supergravity.



To canonically normalize the kinetic energy, one defines a real scalar field ψ by 

The associated potential energy  is given by

<latexit sha1_base64="CUpPCoQrvu8IHlhKUHfYRTGKjIY="></latexit>

V = Vsoft + VF

The relevant part of the ψ potential energy is given by the soft supersymmetry breaking potential
<latexit sha1_base64="Rc9ubvYeyQUu5S4cvY6UCVXjnuo="></latexit>
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m = 1.58⇥ 1013GeV

where
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In order to satisfy the Planck 2015 cosmological data, the soft mass parameter m must take the value

Potential Energy:
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in dimensionful units.



Setting the reduced Planck mass to unity, we find
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 ⇤
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 end

Inflation begin at 
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 end . The value of the potential at the beginning of inflation is 
<latexit sha1_base64="bW3PdHEJcpFC48ye+2HJovD9NYY="></latexit>

V 1/4
soft = 7.97⇥ 1015GeV

Since 
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Vsoft is a soft supersymmetry breaking term in the effective Lagrangian, it follows that

supersymmetry in this inflationary B − L MSSM must be broken at a high scale
<latexit sha1_base64="2mu5YNGjij2Ye7qDBdkLnuWzqLk="></latexit>

mSUSY ⇠ O(1013GeV)
<latexit sha1_base64="j4JFxYGr6o1Lo6dRXu5Ne4ikdR4="></latexit>

�1
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8⇡

= 2.435⇥ 1018GeV



As shown in

at the end of inflation, the inflaton enters an oscillatory phase with
<latexit sha1_base64="LYx4Uqwigum1sptgyeC4aaljkUk="></latexit>
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tosc we find
<latexit sha1_base64="Z9hmxGWctGgDBCmGh+4jRvfwYeQ="></latexit>

V 1/4
osc ' 2.332⇥ 1015GeV



The Universe then undergoes a period of reheating (or inflaton domination) which ends when the
bath of produced supersymmetric standard model particles comes into thermal equilibrium–the
beginning of the matter dominated era. The reheating temperature at the end of the inflaton domi-
nated era was found to be

<latexit sha1_base64="Zrcd68ZJG7e4IThBHSx7e7nudLk="></latexit>

TRH ' 1.13⇥ 1013GeV

An important quantity during the reheating period is the so-called maximal temperature defined to be
<latexit sha1_base64="ArVjSKiv3JyICWjOKXb0++o5oxM="></latexit>

Tmax =

q
V 1/4
osc TRH

Using the above, we find that
<latexit sha1_base64="6WT1mbFtvF+rreY4rlM991CrRnU="></latexit>

Tmax ' 1.623⇥ 1014GeV

The inflaton dominated period can be characterized by the temperature interval
<latexit sha1_base64="Tin5KLF/rtfMBEYOFmr3pZvxIeI="></latexit>

Tmax > T > TRH

Reheating Epoch:



When N = 1 supersymmetry is spontaneously broken in the hidden sector, chiral matter

fermions–both in the observable and hidden sectors–do not acquire soft supersymmetry break-
ing mass terms. However, in the oscillatory regime, the inflaton field ψ develops a time-dependent
VEV given by the square root of

where
<latexit sha1_base64="7qcU4vj4iOed43yt9+bVdYJfD/4=">AAAB/3icbVDLSsNAFJ3UV62vquBGkMEiuIpJEXUlBTcuK9gHNKFMJjft4EwSZyZCqV34Gbp040IRt/6GO//G6WOhrQcuHM65l3vvCVLOlHacbys3N7+wuJRfLqysrq1vFDe36irJJIUaTXgimwFRwFkMNc00h2YqgYiAQyO4uRj6jTuQiiXxte6l4AvSiVnEKNFGahd3vBC4JthTTMAtLnspOxLYbhdLju2MgGeJOyGlyt7jEE/VdvHLCxOaCYg15USpluuk2u8TqRnlMCh4mYKU0BvSgZahMRGg/P7o/gE+MEqIo0SaijUeqb8n+kQo1ROB6RREd9W0NxT/81qZjs78PovTTENMx4uijGOd4GEYOGQSqOY9QwiVzNyKaZdIQrWJrGBCcKdfniX1su2e2MdXJo1zNEYe7aJ9dIhcdIoq6BJVUQ1RdI+e0St6sx6sF+vd+hi35qzJzDb6A+vzB6DOmO8=</latexit>

� ' 2⇡/m. It follows from the above that in this reheating phase
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0
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Hence, observable sector chiral fermions 
<latexit sha1_base64="7VfHLmEutcjx+i3oty8BYy4cI98="></latexit>

 I
o develop a time-dependent non-zero mass given by

<latexit sha1_base64="7rVggQZSPKlYuKR0tmnEdn2sXOc="></latexit>
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p
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where <latexit sha1_base64="WJDDAfsV3sj/SdGSIlZ8y/TNbJA="></latexit>y  I
(o)
 I

(o)
is the Yukawa coupling parameter in the inflaton-two Weyl fermion interaction.

In contrast, the hidden sector chiral fermions cannot receive such contributions and remain massless.
Similarly, neither the observable nor hidden sector gauge bosons acquire soft supersym-
metry breaking masses. However, as with the observable chiral fermions, the observable sector
gauge bosons do have time-dependent masses generated by the inflaton VEV during the reheating
period. Just as in the case of fermions, the gauge bosons in the hidden sector do not receive such
contributions and, therefore, remain massless.

Masses:



Finally, the case for the observable and hidden sector gauginos is more complicated. Bottom line:
They both get soft supersymmetry breaking masses and  the observable sector gauginos also get 
contributions to their masses generated by the VEV of the inflaton during the reheating period.

Anomalous U(1) Hidden Sector:
The Kähler potential is now extended to

where are the dimensionless scalars of the B − L MSSM hidden sector and are generically  
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(h)
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complex structure dependent hermitian matrices. Here, we consider a specific example where 
the hidden sector gauge group is the line bundle 

<latexit sha1_base64="0OVjoVdaZaYfCe7ZUoxqWPVF9vQ="></latexit>

L = OX(2, 1, 3)

with an anomalous U(1) structure group.This vacuum will satisfy all phenomenological and mathematical
constraints if the three real components    , i = 1,2,3 of the Kähler moduli lie within the so-called “magenta” 
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ai

region.



The Magenta Region:

For specificity, we will assume this is the case.

Hidden Sector Spectrum: For this particular line bundle, with
<latexit sha1_base64="zw0G1tU+X+yCbTZ06DqVXplpG7E=">AAAB+HicbVC7SgNBFJ2NryQ+smppMxgEG8OuiFoGbSxSRDAPTNYwO5kkQ2ZnlnmIccmHiI2FIlaCn2Ln1+jkUWjigQuHc+7l3nvCmFGlPe/LSS0sLi2vpDPZ1bX1jZy7uVVVwkhMKlgwIeshUoRRTiqaakbqsSQoChmphf3zkV+7JVJRwa/0ICZBhLqcdihG2kotN1eCTREzo2DpJjnwhy037xW8MeA88ackX8zED9fvd9/llvvZbAtsIsI1Zkiphu/FOkiQ1BQzMsw2jSIxwn3UJQ1LOYqICpLx4UO4Z5U27Ahpi2s4Vn9PJChSahCFtjNCuqdmvZH4n9cwunMaJJTHRhOOJ4s6hkEt4CgF2KaSYM0GliAsqb0V4h6SCGubVdaG4M++PE+qhwX/uHB0adM4AxOkwQ7YBfvAByegCC5AGVQABgY8gmfw4tw7T86r8zZpTTnTmW3wB87HD7BlljM=</latexit>

L� L�1 <latexit sha1_base64="uwLgdm3C/bvB5t00l2a2letN7r0=">AAAB7HicbVBNS8NAEJ3Ur1q/qoIXL4tF8FQSEe2xVASPLZi20Iay2W7apZtN2N0IJfQ3ePGgiFdv/gt/gTcv/ha3aQ/a+mDg8d4MM/P8mDOlbfvLyq2srq1v5DcLW9s7u3vF/YOmihJJqEsiHsm2jxXlTFBXM81pO5YUhz6nLX90PfVb91QqFok7PY6pF+KBYAEjWBvJvemllUmvWLLLdga0TJw5KVWPGt/svfZR7xU/u/2IJCEVmnCsVMexY+2lWGpGOJ0UuomiMSYjPKAdQwUOqfLS7NgJOjVKHwWRNCU0ytTfEykOlRqHvukMsR6qRW8q/ud1Eh1UvJSJONFUkNmiIOFIR2j6OeozSYnmY0MwkczcisgQS0y0yadgQnAWX14mzfOyc1m+aJg0ajBDHo7hBM7AgSuowi3UwQUCDB7gCZ4tYT1aL9brrDVnzWcO4Q+stx9uZ5Im</latexit>

E8embedded in the so that
<latexit sha1_base64="ondQPc7F7nZBK64DDkMEe1iDhc4="></latexit>

E8 ! E7 ⇥ U(1)

the low energy hidden sector spectrum is the one reproduced in the table

Heavy anomalous mass
Strong coupling Gluon-Gauginos condensation

Strong coupling nucleation

Left chiral supermultiplets



Masses: Due to the fact that all 58 chiral multiplets have identical -1 charge, the associated superpotential

vanishes. Therefore, the supersymmetric masses of all such scalars and fermions are zero. Furthermore,
the fermions cannot receive soft supersymmetry breaking masses.

<latexit sha1_base64="2qbJ6wrXB4ToZ+T52CYlGbC+9Ms=">AAAB8nicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEXUjFt24rGIvMB1KJs20oZlkSM4opfQx3LhQpFvfw70b8W1MLwut/hD4+P9zyDknSgU34HlfTm5hcWl5Jb/qrq1vbG4VtndqRmWasipVQulGRAwTXLIqcBCskWpGkkiwetS7Guf1e6YNV/IO+ikLE9KRPOaUgLWC5i3vdIForR5ahaJX8ibCf8GfQfHi3T1PR59upVX4aLYVzRImgQpiTOB7KYQDooFTwYZuMzMsJbRHOiywKEnCTDiYjDzEB9Zp41hp+yTgifuzY0ASY/pJZCsTAl0zn43N/7Igg/gsHHCZZsAknX4UZwKDwuP9cZtrRkH0LRCquZ0V0y7RhIK9kmuP4M+v/BdqRyX/pHR84xXLl2iqPNpD++gQ+egUldE1qqAqokihR/SMXhxwnpxXZzQtzTmznl30S87bN/OQlLM=</latexit>) the fermions cannot be dark matter.

This leaves the 58 complex scalar component fields
<latexit sha1_base64="f2dgoXtZSg1sCCyK+zLS+rBAdrY=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoMQEcKuiHoKgVw8eIhgHrBZw+xkNhkyu7PM9AphyWd4yUERb+LXePMX/Aonj4MmFjQUVd10d/mx4Bps+8vKrKyurW9kN3Nb2zu7e/n9g4aWiaKsTqWQquUTzQSPWB04CNaKFSOhL1jTH1QnfvORKc1ldA/DmHkh6UU84JSAkdxqJy32T0cP6e2oky/YJXsKvEycOSlUznD5G4/fa538Z7sraRKyCKggWruOHYOXEgWcCjbKtRPNYkIHpMdcQyMSMu2l05NH+MQoXRxIZSoCPFV/T6Qk1HoY+qYzJNDXi95E/M9zEwiuvZRHcQIsorNFQSIwSDz5H3e5YhTE0BBCFTe3YtonilAwKeVMCM7iy8ukcV5yLksXdyaNMpohi47QMSoiB12hCrpBNVRHFEn0hJ7RiwXW2Hq13matGWs+c4j+wPr4AdoVk/U=</latexit>

CL
(h) as dark matter candidates. These scalars can

indeed get soft supersymmetry breaking masses. To lowest order,
<latexit sha1_base64="PALKw0UiFIwydsboiC8skbWjRZM="></latexit>

m2
LM̄ = m2

SUSY e
KT /3GLM̄

Since
<latexit sha1_base64="ohjOg9cl5RWz5c0R3w3WCt5bIWc="></latexit>

mSUSY ⇠ O(1013GeV)  for some diagonal components, it follows that
<latexit sha1_base64="3PgFXenS19t3MRFULs/WbF+yOoo="></latexit>

eKT /3GLM̄ ⇠ 1then, if

. However, if some diagonal components have 
<latexit sha1_base64="wut1dSuI6tMX3yrbM5LOdWcLYhQ="></latexit>

eKT /3GLM̄ ⌧ 1

these particles have soft scalar masses of order 

, then their masses are <latexit sha1_base64="QxhuaYJl4AZSWT7x6u6P6N7v4KM=">AAAB83icdVDLSsNAFJ34rK2PWpduBqvQVUhKqa6k4MZlpaatNKFMppN26EwSZiZCCfULXAviQhG3/ow7/8ZJo6CiBy73cM69zJ3jx4xKZVnvxtLyyuraemGjWNrc2t4p71a6MkoEJg6OWCT6PpKE0ZA4iipG+rEgiPuM9PzpWeb3romQNAov1SwmHkfjkAYUI6Ul12UM8mHacTpX82G5aplNS8OGltnIel2Teq7YprVAtVW5v72pHZbaw/KbO4pwwkmoMENSDmwrVl6KhKKYkXnRTSSJEZ6iMRloGiJOpJcubp7DI62MYBAJXaGCC/X7Roq4lDPu60mO1ET+9jLxL2+QqODES2kYJ4qEOH8oSBhUEcwCgCMqCFZspgnCgupbIZ4ggbDSMRV1CF8/hf+Tbt20m2bjQqdxCnIUwD44ADVgg2PQAuegDRyAQQzuwCN4MhLjwXg2XvLRJeNzZw/8gPH6AcSUk7w=</latexit>⌧ mSUSY

Boltzmann suppressed. Denote the number of scalars with mass 

. These light scalars do not contribute strongly to 

<latexit sha1_base64="tNqVciyqAc5kzRpZjAgLrXyaY1M=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlU1JUWXOiygn1AG8tkOm2HziRhZqKUmE9x40IRt/6Bf+DOv3GadqGtBy4czrmXe+/xI86UdpxvK7ewuLS8kl8trK1vbG7Zxe26CmNJaI2EPJRNHyvKWUBrmmlOm5GkWPicNvzh5dhv3FOpWBjc6lFEPYH7AesxgrWROnbRde4S9yhFSVsKdEXraccuOWUnA5on7pSULj6PMlQ79le7G5JY0EATjpVquU6kvQRLzQinaaEdKxphMsR92jI0wIIqL8lOT9G+UbqoF0pTgUaZ+nsiwUKpkfBNp8B6oGa9sfif14p178xLWBDFmgZksqgXc6RDNM4BdZmkRPORIZhIZm5FZIAlJtqkVTAhuLMvz5P6Ydk9KR/fOKXKOUyQh13YgwNw4RQqcA1VqAGBB3iCF3i1Hq1n6816n7TmrOnMDvyB9fEDiPSVGg==</latexit>

1013GeV

<latexit sha1_base64="ohjOg9cl5RWz5c0R3w3WCt5bIWc="></latexit>

mSUSY ⇠ O(1013GeV) by . Then 

dark matter. Similarly, diagonal components with
<latexit sha1_base64="q+yX+Aau2HAdkdLohD5d1kGn/V0="></latexit>

eKT /3GLM̄ � 1 have their contribution to dark matter
<latexit sha1_base64="LSg8yLWDjCEIz6cnyRAtT6Pmub8=">AAAB9HicdVDLSgMxFL3js9ZX1Z1ugiLoZsxUq+1CqLhxJRWsCu1QMmnaCc08TDKVMhT8CzeCirj1E/wId/6NaYugogcu93DOveTmeLHgSmP8YY2NT0xOTWdmsrNz8wuLuaXlCxUlkrIqjUQkrzyimOAhq2quBbuKJSOBJ9il1zke+JddJhWPwnPdi5kbkHbIW5wSbSS37hOdnvYb6Za/3W/kNrBdKuE9p4SwXcA4X9w3BO/mi4UCcmw8xEZ5+3Bn9eHtptLIvdebEU0CFmoqiFI1B8faTYnUnArWz9YTxWJCO6TNaoaGJGDKTYdH99GmUZqoFUlToUZD9ftGSgKleoFnJgOiffXbG4h/ebVEt4puysM40Syko4daiUA6QoMEUJNLRrXoGUKo5OZWRH0iCdUmp6wJ4eun6H9ykbedfXvvzKRxdAtDZGAN1mELHDiAMpxABapA4Rru4BGerK51bz1bL6PRMWvUYQV+wHr9BM+WlX4=</latexit>

N̂(h)

<latexit sha1_base64="zapiu/Bjf1wJ23HuQ6ImkFoWYGc="></latexit>

0  N̂(h)  58



Moduli Portals:

Assume that the S and T moduli have been stabilized at real VEVs ⟨s⟩ and ⟨t⟩ respectively, and that

these VEVs satisfy the condition that the anomalous Fayet-Iliopoulos (FI) term vanishes. Then the   
<latexit sha1_base64="ds6jsHqH5BiCMZQZhTtO9o/zaeg=">AAAB73icbZDLSgNBEEV7fMb4irp00xgEV2FGRV1pwI3LiOYByRB6emqSJj0Pu2uEMOQn3LhQxK3f4R+482/sTLLQxAsNh3ur6KryEik02va3tbC4tLyyWlgrrm9sbm2XdnYbOk4VhzqPZaxaHtMgRQR1FCihlShgoSeh6Q2ux3nzEZQWcXSPwwTckPUiEQjO0Fitjg8SGb3rlsp2xc5F58GZQvnq8yRXrVv66vgxT0OIkEumdduxE3QzplBwCaNiJ9WQMD5gPWgbjFgI2s3yeUf00Dg+DWJlXoQ0d393ZCzUehh6pjJk2Nez2dj8L2unGFy4mYiSFCHik4+CVFKM6Xh56gsFHOXQAONKmFkp7zPFOJoTFc0RnNmV56FxXHHOKqe3drl6SSYqkH1yQI6IQ85JldyQGqkTTiR5Ii/k1Xqwnq03631SumBNe/bIH1kfP4fkkdg=</latexit>

�S
<latexit sha1_base64="6T3xnx2qiwHVobep03qqoPOBhsA=">AAAB73icbZDLSgNBEEVrfMb4irp00xgEV2FGRV1pwI3LCHlBMoSenp6kSc/D7hohDPkJNy4Ucet3+Afu/Bs7kyw08ULD4d4quqq8RAqNtv1tLS2vrK6tFzaKm1vbO7ulvf2mjlPFeIPFMlZtj2ouRcQbKFDydqI4DT3JW97wdpK3HrnSIo7qOEq4G9J+JALBKBqr3fW5RErqvVLZrti5yCI4MyjffJ7lqvVKX10/ZmnII2SSat1x7ATdjCoUTPJxsZtqnlA2pH3eMRjRkGs3y+cdk2Pj+CSIlXkRktz93ZHRUOtR6JnKkOJAz2cT87+sk2Jw5WYiSlLkEZt+FKSSYEwmyxNfKM5QjgxQpoSZlbABVZShOVHRHMGZX3kRmqcV56Jyfm+Xq9cwVQEO4QhOwIFLqMId1KABDCQ8wQu8Wg/Ws/VmvU9Ll6xZzwH8kfXxA4lokdk=</latexit>

�Tand are related to the moduli mass eigenstates
<latexit sha1_base64="SkgFMGn8vCVWd0MmEGleVfmySQ4=">AAAB7nicbVC7SgNBFL3jM8ZHohYWNoNBsAq7ImohErCxjGAekKxhdjKbDJmdXWZmxbDkI2wsFLG190/s/ADbfIOTR6GJBy4czrmXe+/xY8G1cZwvtLC4tLyymlnLrm9sbuXy2ztVHSWKsgqNRKTqPtFMcMkqhhvB6rFiJPQFq/m9q5Ffu2dK80jemn7MvJB0JA84JcZKteYDv0vdQStfcIrOGHieuFNSKO0Nh7mLj+9yK//ZbEc0CZk0VBCtG64TGy8lynAq2CDbTDSLCe2RDmtYKknItJeOzx3gQ6u0cRApW9Lgsfp7IiWh1v3Qt50hMV09643E/7xGYoJzL+UyTgyTdLIoSAQ2ER79jttcMWpE3xJCFbe3YtolilBjE8raENzZl+dJ9bjonhZPbmwalzBBBvbhAI7AhTMowTWUoQIUevAIz/CCYvSEXtHbpHUBTWd24Q/Q+w/FopOb</latexit>

⇠1
<latexit sha1_base64="Mq9bSnt4WO1bEPXD9ZkNyFcqPpw=">AAAB7nicbVC7SgNBFL0bXzE+ErWwsBkMglXYDaIWIgEbywjmAckaZiezyZDZ2WVmVgxLPsLGQhFbe//Ezg+wzTc4m6TQxAMXDufcy733eBFnStv2l5VZWl5ZXcuu5zY2t7bzhZ3dugpjSWiNhDyUTQ8rypmgNc00p81IUhx4nDa8wVXqN+6pVCwUt3oYUTfAPcF8RrA2UqP9wO6S8qhTKNolewK0SJwZKVb2x+P8xcd3tVP4bHdDEgdUaMKxUi3HjrSbYKkZ4XSUa8eKRpgMcI+2DBU4oMpNJueO0JFRusgPpSmh0UT9PZHgQKlh4JnOAOu+mvdS8T+vFWv/3E2YiGJNBZku8mOOdIjS31GXSUo0HxqCiWTmVkT6WGKiTUI5E4Iz//IiqZdLzmnp5MakcQlTZOEADuEYHDiDClxDFWpAYACP8AwvVmQ9Wa/W27Q1Y81m9uAPrPcfxyeTnA==</latexit>

⇠2and by the linear relation

for a known matrix U. Diagonalizing, we find that the modulus eigenstate
<latexit sha1_base64="SkgFMGn8vCVWd0MmEGleVfmySQ4=">AAAB7nicbVC7SgNBFL3jM8ZHohYWNoNBsAq7ImohErCxjGAekKxhdjKbDJmdXWZmxbDkI2wsFLG190/s/ADbfIOTR6GJBy4czrmXe+/xY8G1cZwvtLC4tLyymlnLrm9sbuXy2ztVHSWKsgqNRKTqPtFMcMkqhhvB6rFiJPQFq/m9q5Ffu2dK80jemn7MvJB0JA84JcZKteYDv0vdQStfcIrOGHieuFNSKO0Nh7mLj+9yK//ZbEc0CZk0VBCtG64TGy8lynAq2CDbTDSLCe2RDmtYKknItJeOzx3gQ6u0cRApW9Lgsfp7IiWh1v3Qt50hMV09643E/7xGYoJzL+UyTgyTdLIoSAQ2ER79jttcMWpE3xJCFbe3YtolilBjE8raENzZl+dJ9bjonhZPbmwalzBBBvbhAI7AhTMowTWUoQIUevAIz/CCYvSEXtHbpHUBTWd24Q/Q+w/FopOb</latexit>

⇠1 gets a very heavy

anomalous mass of order the unification scale and, therefore, can be integrated out. However, after

supersymmetry breaking 
<latexit sha1_base64="Mq9bSnt4WO1bEPXD9ZkNyFcqPpw=">AAAB7nicbVC7SgNBFL0bXzE+ErWwsBkMglXYDaIWIgEbywjmAckaZiezyZDZ2WVmVgxLPsLGQhFbe//Ezg+wzTc4m6TQxAMXDufcy733eBFnStv2l5VZWl5ZXcuu5zY2t7bzhZ3dugpjSWiNhDyUTQ8rypmgNc00p81IUhx4nDa8wVXqN+6pVCwUt3oYUTfAPcF8RrA2UqP9wO6S8qhTKNolewK0SJwZKVb2x+P8xcd3tVP4bHdDEgdUaMKxUi3HjrSbYKkZ4XSUa8eKRpgMcI+2DBU4oMpNJueO0JFRusgPpSmh0UT9PZHgQKlh4JnOAOu+mvdS8T+vFWv/3E2YiGJNBZku8mOOdIjS31GXSUo0HxqCiWTmVkT6WGKiTUI5E4Iz//IiqZdLzmnp5MakcQlTZOEADuEYHDiDClxDFWpAYACP8AwvVmQ9Wa/W27Q1Y81m9uAPrPcfxyeTnA==</latexit>

⇠2 gets a lighter mass of 
<latexit sha1_base64="rnKhC0xRS8aypEUlccrjAUj7jlw=">AAAB/HicdVDLSsNAFJ3UV62vaJeCDBahbkJSSnUlBTfurNQ+pC1lMp20Q2eSMDMRSoj/oRs3LhRx64e482+cNAoqeuByD+fcy9w5bsioVLb9buQWFpeWV/KrhbX1jc0tc3unLYNIYNLCAQtE10WSMOqTlqKKkW4oCOIuIx13epr6nWsiJA38SzULyYCjsU89ipHS0tAsxn2MWHyeJGU+jJut5lVyODRLtlWzNRxoW9W0VzSpZIpj2XOU6nu3Ke4aQ/OtPwpwxImvMENS9hw7VIMYCUUxI0mhH0kSIjxFY9LT1EecyEE8Pz6BB1oZQS8QunwF5+r3jRhxKWfc1ZMcqYn87aXiX14vUt7xIKZ+GCni4+whL2JQBTBNAo6oIFixmSYIC6pvhXiCBMJK51XQIXz9FP5P2hXLqVnVC53GCciQB7tgH5SBA45AHZyBBmgBDGbgHjyCJ+PGeDCejZdsNGd87hTBDxivH9vjmKQ=</latexit>

O(mSUSY ) . Writing

<latexit sha1_base64="4UdimE4CMXe6vrpGE8O+Ql+kJ0I="></latexit>

⇠2 = ⌘2 + i�2

we find that both components are mass eigenstates with
<latexit sha1_base64="hTB0qkRdSyaqlPBJQTh2+6/S9Bk="></latexit>

m�2 ⇠ m⌘2 ' O(mSUSY )

Thus,
<latexit sha1_base64="X1yCHRI4a7Dbpw/bp2gOxhM8ouk=">AAAB73icbVC7SgNBFL0bXzE+ErWwsBkMglXYDaIWIgEbywjmAckaZiezyZDZ2XVmVghLfsLGQhFba//Ezg+wzTc4m6TQxAMXDufcy733eBFnStv2l5VZWl5ZXcuu5zY2t7bzhZ3dugpjSWiNhDyUTQ8rypmgNc00p81IUhx4nDa8wVXqNx6oVCwUt3oYUTfAPcF8RrA2UrMd9dldUh51CkW7ZE+AFokzI8XK/nicv/j4rnYKn+1uSOKACk04Vqrl2JF2Eyw1I5yOcu1Y0QiTAe7RlqECB1S5yeTeEToyShf5oTQlNJqovycSHCg1DDzTGWDdV/NeKv7ntWLtn7sJE1GsqSDTRX7MkQ5R+jzqMkmJ5kNDMJHM3IpIH0tMtIkoZ0Jw5l9eJPVyyTktndyYNC5hiiwcwCEcgwNnUIFrqEINCHB4hGd4se6tJ+vVepu2ZqzZzB78gfX+A4BSlAY=</latexit>

�2
<latexit sha1_base64="KKEZJ3vYcnNEY7N3wc/ttiyIflg=">AAAB73icbVC7SgNBFL0bXzE+ErWwsFkMglXYDaIWIgEbywjmAckaZieTZMjs7DpzVwhLfsLGQhFba//Ezg+wzTc4eRSaeODC4Zx7ufcePxJco+N8Waml5ZXVtfR6ZmNzazub29mt6jBWlFVoKEJV94lmgktWQY6C1SPFSOALVvP7V2O/9sCU5qG8xUHEvIB0Je9wStBI9SZDcpcUh61c3ik4E9iLxJ2RfGl/NMpefHyXW7nPZjukccAkUkG0brhOhF5CFHIq2DDTjDWLCO2TLmsYKknAtJdM7h3aR0Zp251QmZJoT9TfEwkJtB4EvukMCPb0vDcW//MaMXbOvYTLKEYm6XRRJxY2hvb4ebvNFaMoBoYQqri51aY9oghFE1HGhODOv7xIqsWCe1o4uTFpXMIUaTiAQzgGF86gBNdQhgpQEPAIz/Bi3VtP1qv1Nm1NWbOZPfgD6/0HdZCT/w==</latexit>

⌘2and are the moduli portals.

fluctuations



Moduli Interactions: The interaction vertices for both observable sector and hidden sector fields with 

the
<latexit sha1_base64="X1yCHRI4a7Dbpw/bp2gOxhM8ouk=">AAAB73icbVC7SgNBFL0bXzE+ErWwsBkMglXYDaIWIgEbywjmAckaZiezyZDZ2XVmVghLfsLGQhFba//Ezg+wzTc4m6TQxAMXDufcy733eBFnStv2l5VZWl5ZXcuu5zY2t7bzhZ3dugpjSWiNhDyUTQ8rypmgNc00p81IUhx4nDa8wVXqNx6oVCwUt3oYUTfAPcF8RrA2UrMd9dldUh51CkW7ZE+AFokzI8XK/nicv/j4rnYKn+1uSOKACk04Vqrl2JF2Eyw1I5yOcu1Y0QiTAe7RlqECB1S5yeTeEToyShf5oTQlNJqovycSHCg1DDzTGWDdV/NeKv7ntWLtn7sJE1GsqSDTRX7MkQ5R+jzqMkmJ5kNDMJHM3IpIH0tMtIkoZ0Jw5l9eJPVyyTktndyYNC5hiiwcwCEcgwNnUIFrqEINCHB4hGd4se6tJ+vVepu2ZqzZzB78gfX+A4BSlAY=</latexit>

�2
<latexit sha1_base64="KKEZJ3vYcnNEY7N3wc/ttiyIflg=">AAAB73icbVC7SgNBFL0bXzE+ErWwsFkMglXYDaIWIgEbywjmAckaZieTZMjs7DpzVwhLfsLGQhFba//Ezg+wzTc4eRSaeODC4Zx7ufcePxJco+N8Waml5ZXVtfR6ZmNzazub29mt6jBWlFVoKEJV94lmgktWQY6C1SPFSOALVvP7V2O/9sCU5qG8xUHEvIB0Je9wStBI9SZDcpcUh61c3ik4E9iLxJ2RfGl/NMpefHyXW7nPZjukccAkUkG0brhOhF5CFHIq2DDTjDWLCO2TLmsYKknAtJdM7h3aR0Zp251QmZJoT9TfEwkJtB4EvukMCPb0vDcW//MaMXbOvYTLKEYm6XRRJxY2hvb4ebvNFaMoBoYQqri51aY9oghFE1HGhODOv7xIqsWCe1o4uTFpXMIUaTiAQzgGF86gBNdQhgpQEPAIz/Bi3VtP1qv1Nm1NWbOZPfgD6/0HdZCT/w==</latexit>

⌘2and portal moduli are the following.   a) Couplings to 

• matter scalars to moduli: • matter fermions to moduli:

• gauge fields to moduli: • gauginos to moduli:

<latexit sha1_base64="X1yCHRI4a7Dbpw/bp2gOxhM8ouk=">AAAB73icbVC7SgNBFL0bXzE+ErWwsBkMglXYDaIWIgEbywjmAckaZiezyZDZ2XVmVghLfsLGQhFba//Ezg+wzTc4m6TQxAMXDufcy733eBFnStv2l5VZWl5ZXcuu5zY2t7bzhZ3dugpjSWiNhDyUTQ8rypmgNc00p81IUhx4nDa8wVXqNx6oVCwUt3oYUTfAPcF8RrA2UrMd9dldUh51CkW7ZE+AFokzI8XK/nicv/j4rnYKn+1uSOKACk04Vqrl2JF2Eyw1I5yOcu1Y0QiTAe7RlqECB1S5yeTeEToyShf5oTQlNJqovycSHCg1DDzTGWDdV/NeKv7ntWLtn7sJE1GsqSDTRX7MkQ5R+jzqMkmJ5kNDMJHM3IpIH0tMtIkoZ0Jw5l9eJPVyyTktndyYNC5hiiwcwCEcgwNnUIFrqEINCHB4hGd4se6tJ+vVepu2ZqzZzB78gfX+A4BSlAY=</latexit>

�2



b) Couplings to
<latexit sha1_base64="KKEZJ3vYcnNEY7N3wc/ttiyIflg=">AAAB73icbVC7SgNBFL0bXzE+ErWwsFkMglXYDaIWIgEbywjmAckaZieTZMjs7DpzVwhLfsLGQhFba//Ezg+wzTc4eRSaeODC4Zx7ufcePxJco+N8Waml5ZXVtfR6ZmNzazub29mt6jBWlFVoKEJV94lmgktWQY6C1SPFSOALVvP7V2O/9sCU5qG8xUHEvIB0Je9wStBI9SZDcpcUh61c3ik4E9iLxJ2RfGl/NMpefHyXW7nPZjukccAkUkG0brhOhF5CFHIq2DDTjDWLCO2TLmsYKknAtJdM7h3aR0Zp251QmZJoT9TfEwkJtB4EvukMCPb0vDcW//MaMXbOvYTLKEYm6XRRJxY2hvb4ebvNFaMoBoYQqri51aY9oghFE1HGhODOv7xIqsWCe1o4uTFpXMIUaTiAQzgGF86gBNdQhgpQEPAIz/Bi3VtP1qv1Nm1NWbOZPfgD6/0HdZCT/w==</latexit>

⌘2

• observable gauge fields/gauginos to axion:

For the specific anomalous hidden sector discussed above, all gauge and gaugino fields are integrated 
out. 

<latexit sha1_base64="KKEZJ3vYcnNEY7N3wc/ttiyIflg=">AAAB73icbVC7SgNBFL0bXzE+ErWwsFkMglXYDaIWIgEbywjmAckaZieTZMjs7DpzVwhLfsLGQhFba//Ezg+wzTc4eRSaeODC4Zx7ufcePxJco+N8Waml5ZXVtfR6ZmNzazub29mt6jBWlFVoKEJV94lmgktWQY6C1SPFSOALVvP7V2O/9sCU5qG8xUHEvIB0Je9wStBI9SZDcpcUh61c3ik4E9iLxJ2RfGl/NMpefHyXW7nPZjukccAkUkG0brhOhF5CFHIq2DDTjDWLCO2TLmsYKknAtJdM7h3aR0Zp251QmZJoT9TfEwkJtB4EvukMCPb0vDcW//MaMXbOvYTLKEYm6XRRJxY2hvb4ebvNFaMoBoYQqri51aY9oghFE1HGhODOv7xIqsWCe1o4uTFpXMIUaTiAQzgGF86gBNdQhgpQEPAIz/Bi3VtP1qv1Nm1NWbOZPfgD6/0HdZCT/w==</latexit>

⌘2
<latexit sha1_base64="JmObq1y0lo6mlc2yPximDtvakTs=">AAAB8nicbZDLSgMxFIYz9VbrrerSTbAIrsqMirrSghuXVewFpkPJpJk2NJMMyRmlDH0MNy4Ucetb+AbufBvTaRda/SHw8f/nkHNOmAhuwHW/nMLC4tLySnG1tLa+sblV3t5pGpVqyhpUCaXbITFMcMkawEGwdqIZiUPBWuHwapK37pk2XMk7GCUsiElf8ohTAtbyO7e8PwCitXrolitu1c2F/4I3g8rlx3Guerf82ekpmsZMAhXEGN9zEwgyooFTwcalTmpYQuiQ9JlvUZKYmSDLRx7jA+v0cKS0fRJw7v7syEhszCgObWVMYGDms4n5X+anEJ0HGZdJCkzS6UdRKjAoPNkf97hmFMTIAqGa21kxHRBNKNgrlewRvPmV/0LzqOqdVk9u3ErtAk1VRHtoHx0iD52hGrpGddRAFCn0iJ7RiwPOk/PqvE1LC86sZxf9kvP+DYpOk6I=</latexit>) No hidden sector gauge or gaugino couplings to .

Dark Matter Production Mechanism—Anomalous U(1) Hidden Sector:
As discussed previously, the only possible dark matter candidates are the 58 left-chiral supermultiplets 

<latexit sha1_base64="Sz6IAYSsO2zL8hjr6u+KvpnTseA="></latexit>

(CL
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However, all
<latexit sha1_base64="65/+WVwqQWA9wHZe8lAa8Fv6ZAo=">AAACB3icbVDLSsNAFJ3UV42vqEtBBkuhopRERF2VQjcuXFSwD2hjmEwn7dDJg5mJUEJ2bvwFP6EbF4q49Rfc+Qt+hdMHqK0HLhzOuZd773EjRoU0zU8ts7C4tLySXdXX1jc2t4ztnboIY45JDYcs5E0XCcJoQGqSSkaaESfIdxlpuP3KyG/cES5oGNzIQURsH3UD6lGMpJIcYz9fqDhJoXeY3iZX6THU25GgP4Jj5MyiOQacJ9aU5MpHsPQFH4dVx/hod0Ic+ySQmCEhWpYZSTtBXFLMSKq3Y0EihPuoS1qKBsgnwk7Gf6Qwr5QO9EKuKpBwrP6eSJAvxMB3VaePZE/MeiPxP68VS+/CTmgQxZIEeLLIixmUIRyFAjuUEyzZQBGEOVW3QtxDHGGpotNVCNbsy/OkflK0zoqn1yqNEpggC/bAASgAC5yDMrgEVVADGNyDIXgGL9qD9qS9am+T1ow2ndkFf6C9fwObXZrh</latexit>

 L
(h) fermions remain massless and, therefore, the amplitude to produce them vanishes.

On the other hand, all scalars  
<latexit sha1_base64="hzZEiH/06e6YL+OPCp2yecmVHbQ=">AAACBXicbVDLSsNAFJ3UV42vqEtdDJZCRSiJiLoqhW5cuKhgH9DGMJlO26GTSZiZCCVk48Z/8AtEcKGIW//Bnb/gVzhtBbX1wIXDOfdy7z1+xKhUtv1hZObmFxaXssvmyura+oa1uVWXYSwwqeGQhaLpI0kY5aSmqGKkGQmCAp+Rhj+ojPzGNRGShvxSDSPiBqjHaZdipLTkWbsVLyn099Or5DyFZr4dSfojeFbOLtpjwFnifJNc+QCWPuHdQ9Wz3tudEMcB4QozJGXLsSPlJkgoihlJzXYsSYTwAPVIS1OOAiLdZPxFCvNa6cBuKHRxBcfq74kEBVIOA193Bkj15bQ3Ev/zWrHqnroJ5VGsCMeTRd2YQRXCUSSwQwXBig01QVhQfSvEfSQQVjo4U4fgTL88S+qHRee4eHSh0yiBCbJgB+yBAnDACSiDM1AFNYDBDbgHT+DZuDUejRfjddKaMb5ntsEfGG9fyGmaeQ==</latexit>

CL
(h) get a non-zero soft-supersymmetry breaking mass of which

have a mass
<latexit sha1_base64="ohjOg9cl5RWz5c0R3w3WCt5bIWc="></latexit>

mSUSY ⇠ O(1013GeV) . These are our dark matter candidates.
Using the above vertices, we find that the dark matter production mechanisms are

where and

<latexit sha1_base64="zapiu/Bjf1wJ23HuQ6ImkFoWYGc="></latexit>

0  N̂(h)  58



In the above, the “alpha” parameters are

and

where, for FI=0

Results for the B-L MSSM Vacuum:
Assuming the VEVs of S and T lie on the “magenta” region shown above, we find that

<latexit sha1_base64="JmObq1y0lo6mlc2yPximDtvakTs=">AAAB8nicbZDLSgMxFIYz9VbrrerSTbAIrsqMirrSghuXVewFpkPJpJk2NJMMyRmlDH0MNy4Ucetb+AbufBvTaRda/SHw8f/nkHNOmAhuwHW/nMLC4tLySnG1tLa+sblV3t5pGpVqyhpUCaXbITFMcMkawEGwdqIZiUPBWuHwapK37pk2XMk7GCUsiElf8ohTAtbyO7e8PwCitXrolitu1c2F/4I3g8rlx3Guerf82ekpmsZMAhXEGN9zEwgyooFTwcalTmpYQuiQ9JlvUZKYmSDLRx7jA+v0cKS0fRJw7v7syEhszCgObWVMYGDms4n5X+anEJ0HGZdJCkzS6UdRKjAoPNkf97hmFMTIAqGa21kxHRBNKNgrlewRvPmV/0LzqOqdVk9u3ErtAk1VRHtoHx0iD52hGrpGddRAFCn0iJ7RiwPOk/PqvE1LC86sZxf9kvP+DYpOk6I=</latexit>)
<latexit sha1_base64="JmObq1y0lo6mlc2yPximDtvakTs=">AAAB8nicbZDLSgMxFIYz9VbrrerSTbAIrsqMirrSghuXVewFpkPJpJk2NJMMyRmlDH0MNy4Ucetb+AbufBvTaRda/SHw8f/nkHNOmAhuwHW/nMLC4tLySnG1tLa+sblV3t5pGpVqyhpUCaXbITFMcMkawEGwdqIZiUPBWuHwapK37pk2XMk7GCUsiElf8ohTAtbyO7e8PwCitXrolitu1c2F/4I3g8rlx3Guerf82ekpmsZMAhXEGN9zEwgyooFTwcalTmpYQuiQ9JlvUZKYmSDLRx7jA+v0cKS0fRJw7v7syEhszCgObWVMYGDms4n5X+anEJ0HGZdJCkzS6UdRKjAoPNkf97hmFMTIAqGa21kxHRBNKNgrlewRvPmV/0LzqOqdVk9u3ErtAk1VRHtoHx0iD52hGrpGddRAFCn0iJ7RiwPOk/PqvE1LC86sZxf9kvP+DYpOk6I=</latexit>)

and

Using these results, restricting temperature T to be in the reheating regime 
<latexit sha1_base64="Tin5KLF/rtfMBEYOFmr3pZvxIeI="></latexit>

Tmax > T > TRH

and using the results for all observable sector masses in that regime, we find that the dominant 
production mode is

<latexit sha1_base64="SESBdMLq42f9Sf+wppOex2msb4Q=">AAAB/nicdVDLSgMxFM34rPVVFVdugkVwNcz0oZ2NtnTjsoJ9QDuUTJq2oZlkSDJKGQr+ihsXirh17x+4829MWwUVPXDhcM693HtPEDGqtOO8WwuLS8srq6m19PrG5tZ2Zme3oUQsMaljwYRsBUgRRjmpa6oZaUWSoDBgpBmMqlO/eU2kooJf6XFE/BANOO1TjLSRupn9SgV2mOADSQdDjaQUN7Ba7Wayju2VisVCDjq243iFYt4Qz/Pckgtdo0yRPX/Nz1DrZt46PYHjkHCNGVKq7TqR9hMkNcWMTNKdWJEI4REakLahHIVE+cns/Ak8MkoP9oU0xTWcqd8nEhQqNQ4D0xkiPVS/van4l9eOdb/kJ5RHsSYczxf1Ywa1gNMsYI9KgjUbG4KwpOZWiIdIIqxNYmkTwten8H/SyNnuiV24dLLlMzBHChyAQ3AMXHAKyuAC1EAdYJCAO/AAHq1b6956sp7nrQvW58we+AHr5QPe7Zeq</latexit>

AA �! CC



with

and .

Dark Matter Relic Density:
After inflation ends, there are two cosmological regimes

where

and
<latexit sha1_base64="VnPtBY3vjAWj31SaQEbC9xxTUh4=">AAAB7HicbVBNS8NAEJ3Ur9r6UevRy2IVeiqJiHqSghePFZq20Iay2W7apZtN2N0IIdRfIHjxYBGv/iBv/hu3HwdtfTDweG+GmXl+zJnStv1t5TY2t7Z38ruF4t7+wWHpqNxSUSIJdUnEI9nxsaKcCepqpjntxJLi0Oe07Y/vZn77kUrFItHUaUy9EA8FCxjB2khus5/Zk36pYtfsOdA6cZakUi9Pn5+qZ8VGv/TVG0QkCanQhGOluo4day/DUjPC6aTQSxSNMRnjIe0aKnBIlZfNj52gc6MMUBBJU0Kjufp7IsOhUmnom84Q65Fa9Wbif1430cGNlzERJ5oKslgUJBzpCM0+RwMmKdE8NQQTycytiIywxESbfAomBGf15XXSuqg5V7XLB5PGLSyQhxM4hSo4cA11uIcGuECAwQu8wdQS1qv1bn0sWnPWcuYY/sD6/AGwy5DU</latexit>

T0 is the present temperature of the Universe. Note that

The formula for the dark matter relic density is given by
<latexit sha1_base64="nj7z5rr7he6KgYrIbJvU7UbHwes=">AAACCXicbVDLSgMxFM34rPU16tJNaBEEoc4UUTdCURduxAr2AZ1aMmnahiaZIckIwzBbN279DDcuFHHrH7jr35g+Ftp64F4O59xLco8fMqq04wysufmFxaXlzEp2dW19Y9Pe2q6qIJKYVHDAAln3kSKMClLRVDNSDyVB3Gek5vcvhn7tgUhFA3Gn45A0OeoK2qEYaSO1bOjdcNJFsHefFFN4BnkrubxOxagferIXtOy8U3BGgLPEnZB8KecdPA9Kcbllf3vtAEecCI0ZUqrhOqFuJkhqihlJs16kSIhwH3VJw1CBOFHNZHRJCveM0oadQJoSGo7U3xsJ4krF3DeTHOmemvaG4n9eI9Kd02ZCRRhpIvD4oU7EoA7gMBbYppJgzWJDEJbU/BXiHpIIaxNe1oTgTp88S6rFgntcOLo1aZyDMTJgF+TAPnDBCSiBK1AGFYDBI3gBb+DderJerQ/rczw6Z012dsAfWF8/FlmcUA==</latexit>

⌦h2 = mDMnDM/⇢



<latexit sha1_base64="oNdfCvOj2K1UR6XZtQrq+vFrxgI=">AAAB7HicdVDLSsNAFJ3UV2191Lp0M1iFrkJSW202UnDjskofQhvKZDpph04mYWYilFC/QHDjwiJu/SB3/o2TVkFFD1w4nHMv997jRYxKZVnvRmZldW19I7uZy29t7+wW9oodGcYCkzYOWShuPCQJo5y0FVWM3ESCoMBjpOtNLlK/e0uEpCFvqWlE3ACNOPUpRkpL7etB0poNCiXLdOq1WrUCLdOynGrtRBPHcey6DW2tpCg1ivP7u/JRvjkovPWHIY4DwhVmSMqebUXKTZBQFDMyy/VjSSKEJ2hEeppyFBDpJotjZ/BYK0Poh0IXV3Chfp9IUCDlNPB0Z4DUWP72UvEvrxcrv+4mlEexIhwvF/kxgyqE6edwSAXBik01QVhQfSvEYyQQVjqfnA7h61P4P+lUTPvUrF7pNM7BEllwAA5BGdjgDDTAJWiCNsCAggfwBOYGNx6NZ+Nl2ZoxPmf2wQ8Yrx9oMpFR</latexit>

RT is the dark matter production rate at temperature T. When the temperature of the Universe drops

below the dark matter particle mass, the production rate becomes exponentially suppressed by the 
Botzmann factor

Since
<latexit sha1_base64="gfOc2nNiTp1oX3WbSxwcq2uvU+I="></latexit>

mDM ⇠ O(1013GeV) ⇠ TRH , it follows that for T in the RD regime 
<latexit sha1_base64="UkQMLocgwQVI0pOjP7YZcInRvUI=">AAAB+3icdVDLSgMxFM34rPU11qUgwSLUzZAppbqSghuXVfqCdiiZNG1DM5Mhyahl6Ifowo0LRdz6I+78GzMdBRU9cLmHc+4lN8ePOFMaoXdrYXFpeWU1t5Zf39jc2rZ3Ci0lYklokwguZMfHinIW0qZmmtNOJCkOfE7b/uQs9dtXVComwoaeRtQL8ChkQ0awNlLfLlyWGkewJ9lorLGU4hqivl1EThUZuBA5lbSXDSlniuugOYq1/dsUd/W+/dYbCBIHNNSEY6W6Loq0l2CpGeF0lu/FikaYTPCIdg0NcUCVl8xvn8FDowzgUEhToYZz9ftGggOlpoFvJgOsx+q3l4p/ed1YD0+8hIVRrGlIsoeGMYdawDQIOGCSEs2nhmAimbkVkjGWmGgTV96E8PVT+D9plR236lQuTBqnIEMO7IEDUAIuOAY1cA7qoAkIuAH34BE8WTPrwXq2XrLRBetzZxf8gPX6AeKXl3I=</latexit>

R(T ) ! 0 . Therefore
the expression for the relic density simplifies to

and depends only on the reheating regime <latexit sha1_base64="Tin5KLF/rtfMBEYOFmr3pZvxIeI="></latexit>

Tmax > T > TRH. Using the result

one can derive 
<latexit sha1_base64="C2x/YsdjWm8vB/+hb0YRV3hx4Wg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh4FWSxCvYRERD1JwYvHKv2CNpTNdtOu3WTD7kYoof/Bi4cW8er/8ea/cdP2oK0PBh7vzTAzz485U9pxvq3c2vrG5lZ+u7Czu7d/UDw8aiiRSELrRHAhWz5WlLOI1jXTnLZiSXHoc9r0h/eZ33yhUjER1fQopl6I+xELGMHaSI2ncu0C2d1iybGdGdAqcRekVDmdZJhWu8WvTk+QJKSRJhwr1XadWHsplpoRTseFTqJojMkQ92nb0AiHVHnp7NoxOjdKDwVCmoo0mqm/J1IcKjUKfdMZYj1Qy14m/ue1Ex3ceimL4kTTiMwXBQlHWqDsddRjkhLNR4ZgIpm5FZEBlphoE1DBhOAuv7xKGpe2e21fPZo07mCOPJzAGZTBhRuowANUoQ4EnuEVJjC1hPVmvVsf89actZg5hj+wPn8AKtOR8Q==</latexit>

R(T ). The result is

Inserting this into the above, we find that



This will produce the measured relic density
<latexit sha1_base64="XeoLOeRf0DPqsLeFlxM6mW/FTao=">AAAB+nicdVDLSgMxFM3UV62vVpdugkVwNWSmD9uFWnDjzgr2Ae1YMmmmDc08SDJKGfspblwo4tY/8A/c+TemrYKKHrhwOOde7r3HjTiTCqF3I7WwuLS8kl7NrK1vbG5lc9tNGcaC0AYJeSjaLpaUs4A2FFOctiNBse9y2nJHp1O/dU2FZGFwqcYRdXw8CJjHCFZa6mVz3XOfDjAcXiX25AiZlt3L5pFZraKiVYXILCFkV8qaoIJdKZWgZaIZ8ievhRnqvexbtx+S2KeBIhxL2bFQpJwEC8UIp5NMN5Y0wmSEB7SjaYB9Kp1kdvoE7mulD71Q6AoUnKnfJxLsSzn2Xd3pYzWUv72p+JfXiZVXcRIWRLGiAZkv8mIOVQinOcA+E5QoPtYEE8H0rZAMscBE6bQyOoSvT+H/pGmbVtksXqB87RjMkQa7YA8cAAscgho4A3XQAATcgDvwAB6NW+PeeDKe560p43NmB/yA8fIBoLGVKQ==</latexit>

⌦h2 = 0.12 for

This can indeed be achieved for the   
<latexit sha1_base64="7QN5IipWQHSAkmOi6DMG3HCG5hk=">AAACFHicbZDLSgMxFIYzXmu9Vd0IggSLIAhlRkRdSaFduBEq2gu0tZxJUxubyQxJplCG8R1E8FXcdKGIWxfufBvTi6DVA4GP/z+Hk/O7AWdK2/anNTU9Mzs3n1hILi4tr6ym1tZLyg8loUXic19WXFCUM0GLmmlOK4Gk4Lmclt1ObuCXu1Qq5osr3Qto3YMbwVqMgDZSI7VfAx60oRFdnsfXUTe+w1FNehhE0+C3lx94ubiRStsZe1j4LzhjSGe385sPun9baKQ+ak2fhB4VmnBQqurYga5HIDUjnMbJWqhoAKQDN7RqUIBHVT0aHhXjXaM0ccuX5gmNh+rPiQg8pXqeazo90G016Q3E/7xqqFsn9YiJINRUkNGiVsix9vEgIdxkkhLNewaASGb+ikkbJBBtckyaEJzJk/9C6SDjHGUOL0wap2hUCbSFdtAectAxyqIzVEBFRNA9ekLP6MV6tPrWq/U2ap2yxjMb6FdZ7198dKIL</latexit>

↵v
SM and ↵C

DM in the “magenta” region ranges given above and for 

Small changes in the supersymmetry breaking scale, the magenta region and so on allows one to

satisfy the above constraint for any number of hidden sector scalars—including 

Conclusion:

Producing hidden sector scalar dark matter using a “freeze-in” mechanism in heterotic M-theory
appears to be a natural explanation for the observed dark mater relic abundance!

<latexit sha1_base64="ca66/VhigV0Y+OWqJWcnzCKeeBg=">AAACC3icbVDLSsNAFJ3UV62vqEsXDi2FdmFJpKgrKbhxpRWsLTQhTKbTduhkEmYmQgnZu/En/AA3XSji1h9w56+4cvpYaOuBC4dz7uXee/yIUaks68vILC2vrK5l13Mbm1vbO+bu3p0MY4FJA4csFC0fScIoJw1FFSOtSBAU+Iw0/cHF2G/eEyFpyG/VMCJugHqcdilGSkuemXf6SCVXqZeU+uUUOpIGMHEwYsl1mpbsI7ta9syCVbEmgIvEnpFCrfhUPhx987pnfjqdEMcB4QozJGXbtiLlJkgoihlJc04sSYTwAPVIW1OOAiLdZPJLCota6cBuKHRxBSfq74kEBVIOA193Bkj15bw3Fv/z2rHqnrkJ5VGsCMfTRd2YQRXCcTCwQwXBig01QVhQfSvEfSQQVjq+nA7Bnn95kdwdV+yTSvVGp3EOpsiCA5AHJWCDU1ADl6AOGgCDB/AMXsCr8WiMjDfjfdqaMWYz++APjI8fklKdHQ==</latexit>

N̂(h) ⇠ O(1� 14)
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N̂(h) = 58

These calculations have been extended to hidden sectors with non-anomalous structure groups.
Result: One can still obtain the observed dark matter relic density over a wide range of input parameters. 


