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The need for beyond the Standard Model physics

2Ranjan Laha

   Why do we need new physics?

    Standard Model of particle physics and 𝜦CDM cosmology explains many 
observations about our Universe

     However, there are many open questions:  

(i) what is dark matter? 

(ii) what is dark energy? 

(iii) are there new forces in the Universe? 

(iv) can we understand the phase transitions of the Universe?  
and many others

 Gravitational wave observatories may provide an answer 



Gravitational wave probes of dark matter
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Gravitational detection of dark matter
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Probing dark matter - nucleon cross-
section via transmuted black holes

Dasgupta, Laha, and Ray 
Phys. Rev. Lett. 126 (2021), 141105 
2009.01825 

Bhattacharya, Dasgupta, Laha, and Ray 
Phys. Rev. Lett. 131 (2023), 091401 
2302.07898
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Dark matter accretion in compact astrophysical 
objects
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Bhattacharya, Dasgupta, Laha, and Ray 
Phys. Rev. Lett. 131 (2023), 091401  
2302.07898

Dasgupta, Laha, and Ray 
Phys. Rev. Lett. 126 (2021), 141105 
2009.01825

• Dark matter can accrete inside compact astrophysical objects due to non-zero dark matter - 
nucleon interaction

• For certain allowed dark matter - nucleon cross-sections, the accumulated dark matter can 
convert into a black hole; which will subsequently eat up the star: formation of transmuted 
black holes of the same mass as that of the star

Formation of transmuted black holes

• Mergers of transmuted black holes can give rise to gravitational waves: thus probing dark 
matter - nucleon cross-sections
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Transmuted black holes as probe of particle dark 
matter
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Bhattacharya, Dasgupta, Laha, and Ray 
Phys. Rev. Lett. 131 (2023), 091401  
2302.07898

Dasgupta, Laha, and Ray 
Phys. Rev. Lett. 126 (2021), 141105 
2009.01825

• A new probe of dark matter - nucleon cross-section

• Near future observations of gravitational waves from sub-Solar or Solar mass black holes can 
discover dark matter - nucleon cross-section beyond the reach of underground detectors

• New science case for gravitational wave detectors
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Mass function of transmuted black holes 
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• Two classes of astrophysics targets: neutron stars (NS) and white dwarfs (WD) 

• These transmuted black holes can be detected  

• Sub-Solar mass black holes need not be primordial in origin

See also Takhistov et al 2008. 12780

Dasgupta, Laha, and Ray 
Phys. Rev. Lett. 126 (2021), 141105 
2009.01825
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Red-shift distribution of transmuted black holes
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Redshift dependence of  
the binary NS, PBH and 
transmuted BH (TBH) 
merger rates, especially  
at higher redshifts can be 
measured by the upcoming 
third generation GW 
experiments (DECIGO, 
EINSTEIN, Cosmic 
Explorer telescope)
Dasgupta, Laha, and Ray 
Phys. Rev. Lett. 126 (2021), 141105 
2009.01825



Probing long-range muonic forces 
with neutron star systems

Dror, Laha, and Opferkuch  
Phys. Rev. D 102 (2020) 2, 023005 
1909.12845 

related work: Kopp, Laha, Opferkuch, and Shepherd  
JHEP 11 (2018) 096 
1807.02527
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Binary neutron star observation
GW170817

Component masses: 1.17 – 1.60 

Total mass of the system:																					

Luminosity distance:   Mpc 

Near co-incident detection of gamma-ray 
burst   

Radiated energy: > 0.025

Chirp mass:  

reduced mass

LIGO-Scientific and Virgo “GW170817: observation of gravitational waves from a binary neutron star inspiral”
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Semi-classical understanding of GW170817

Kepler’s law

NS NS

GW 
emission

Total energy of the system

Power radiated via 
gravitational waves

  : Energy conservation

Cartoon of neutron  
star inspiral

Kopp, Laha, Opferkuch, and 
Shepherd 1807.02527 JHEP

= neutron star

= distance between two neutron stars

GW frequency

Orbital frequency
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Muons inside neutron stars
Neutron stars host a large 
population of muons

Muon population arises 
from chemical equilibrium, 
charge neutrality, and a 
typical Fermi energy of  
~ 100 MeV

A pure Standard Model 
phenomenon

Muon fraction depends on 
the equation of state

Bell etal. 1904.09803, Garani and Heeck 1906.101445, Poddar etal. 
1908.09732, Pearson etal. 1903.04981
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A new Yukawa force (attractive/ repulsive) 

NS NS

µ− µ−

Gravitational 
attraction

New Yukawa force

GW emission

Emission of the 
new force carrier

= muonic charge in neutron star

= mass of the mediator of 
the new Yukawa force

= coupling of the new 
force

Croon etal., Astrophys. J. 858 (2018) no.1, L2

Dror, Laha, and Opferkuch 1909.12845 
Phys. Rev. D 102 (2020), 023005

Kopp, Laha, Opferkuch, and 
Shepherd 1807.02527 JHEP
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Probing long-range muonic interactions 

Dror, Laha, and Opferkuch 1909.12845 
Phys. Rev. D 102 (2020), 023005

Huge discovery potential on exotic long-range forces due to muons 

LIGO – VIRGO can probe large parts of the unexplored parameter space  
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Probing long-range muonic interactions 

Einstein Telescope, Cosmic Explorer, and other near-future gravitational wave 
observatories have great potential to discover new parts of the parameter space 

Neutron star – black hole mergers hold promising avenues for discovery
Dror, Laha, and Opferkuch 1909.12845 
Phys. Rev. D 102 (2020), 023005
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Dark photon dark matter search 
at gravitational wave detectors

Pierce, Riles, and Zhao 
Phys. Rev. Lett. 121 (2018), 061102 
1801.10161 

Guo, Riles, Wang, and Zhao 
Commun.Phys. 2 (2019) 155 
1905.04316 

LVK collaboration 
Phys. Rev. D 105 (2022), 063030 
2105.13085
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Dark photon dark matter search at gravitational wave 
detectors

    A dark photon is a massive spin-1 vector boson which can be a good dark 
matter candidate

    Addition of such a particle to the dark sector implies that there is a dark 
charge under which some Standard Model particles will be charged

     Let us denote the dark photon by       : it either couples to baryons                       
or baryon minus lepton number

<latexit sha1_base64="hSH7IVAG3AaeMAFTwHwOdS7Yu8c=">AAAB9HicbVDJTsMwEJ2UrZStwJGLRYXEqUoQ27HAhWOR6CI1oXIcp7VqO8F2KlVRv4MLBxDiysdw429wlwMUnjTS03szmpkXppxp47pfTmFpeWV1rbhe2tjc2t4p7+41dZIpQhsk4Ylqh1hTziRtGGY4baeKYhFy2goHNxO/NaRKs0Tem1FKA4F7ksWMYGOl4Krri+wh95VA0bhbrrhVdwr0l3hzUoE56t3ypx8lJBNUGsKx1h3PTU2QY2UY4XRc8jNNU0wGuEc7lkosqA7y6dFjdGSVCMWJsiUNmqo/J3IstB6J0HYKbPp60ZuI/3mdzMSXQc5kmhkqyWxRnHFkEjRJAEVMUWL4yBJMFLO3ItLHChNjcyrZELzFl/+S5knVO6+e3Z1WatfzOIpwAIdwDB5cQA1uoQ4NIPAIT/ACr87QeXbenPdZa8GZz+zDLzgf34zJkfk=</latexit>

Ad
µ

<latexit sha1_base64="IpVPYVggqfGh1rRGjdPRUk5qZOc="></latexit>

L = �1

4
F dµ⌫F d

µ⌫ +
1

2
m2

AA
dµAd

µ � ✏eJµAd
µ

<latexit sha1_base64="qmXtCiGDfG10S5nQn2uO7gqMm7M=">AAACNnicbVBLSwMxGMzWV62vVY9egkXwYtkVXxehKogXoYKtQrcu2TRtQ5PskodQlv4qL/4Ob714UMSrP8FsW6RVBwLDzHxJvokSRpX2vIGTm5mdm1/ILxaWlldW19z1jZqKjcSkimMWy/sIKcKoIFVNNSP3iSSIR4zcRd2LzL97JFLRWNzqXkIaHLUFbVGMtJVC9/ryIQ0kh81+mAbcwECYPjyFQYKkpoiFmXb2E7Eu3JswxZTJTegWvZI3BPxL/DEpgjEqofsSNGNsOBEaM6RU3fcS3Uiz+zEj/UJgFEkQ7qI2qVsqECeqkQ7X7sMdqzRhK5b2CA2H6uREirhSPR7ZJEe6o357mfifVze6ddJIqUiMJgKPHmoZBnUMsw5hk0qCNetZgrCk9q8Qd5BEWNumC7YE//fKf0ltv+QflQ5vDorl83EdebAFtsEu8MExKIMrUAFVgMETGIA38O48O6/Oh/M5iuac8cwmmILz9Q2fu6vk</latexit>

F d
µ⌫ = @µA

d
⌫ � @⌫A

d
µ

<latexit sha1_base64="a5wlzC7jD+7iR0UUypYiazdSOHI=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidox68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgeNPih4vFdFVb0o4cxY3//yCkvLK6trxfXSxubW9k55d69pVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaikY3U7/1SLVhSj7YcUJDgQeSxYxg66R70bvqlSt+1Z8B/SVBTiqQo94rf3b7iqSCSks4NqYT+IkNM6wtI5xOSt3U0ASTER7QjqMSC2rCbHbqBB05pY9ipV1Ji2bqz4kMC2PGInKdAtuhWfSm4n9eJ7XxZZgxmaSWSjJfFKccWYWmf6M+05RYPnYEE83crYgMscbEunRKLoRg8eW/pHlSDc6rZ3enldp1HkcRDuAQjiGAC6jBLdShAQQG8AQv8Opx79l7897nrQUvn9mHX/A+vgEWbo2v</latexit>mA = dark photon mass
<latexit sha1_base64="TiunfhzdNARBSysZ2a0a3HeyOmI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2dl1ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WDGSfoR3QgecgZNVZqdzHRXMSyV664VXcGsky8nFQgR71X/ur2Y5ZGKA0TVOuO5ybGz6gynAmclLqpxoSyER1gx1JJI9R+Nrt3Qk6s0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/2MyyQ1KNl8UZgKYmIyfZ70uUJmxNgSyhS3txI2pIoyYyMq2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgIeIZXeHMenRfn3fmYtxacfOYQ/sD5/AFQEZAq</latexit>✏ = strength of the particle/ dark photon coupling

LVK collaboration 
Phys. Rev. D 105 (2022), 063030 
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Jµ = number current density of baryons or baryons minus leptons

<latexit sha1_base64="ZgE9v+YFul6ZXNU8rEx1iwtznkw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahHiyJ+HUs9eLBQwXTFtpQNttNu3SzCbsboYT+DS8eFPHqn/Hmv3HT5qCtDwYe780wM8+POVPatr+twsrq2vpGcbO0tb2zu1feP2ipKJGEuiTikez4WFHOBHU105x2Yklx6HPa9se3md9+olKxSDzqSUy9EA8FCxjB2kg9t+qc9tMGOkP30365YtfsGdAycXJSgRzNfvmrN4hIElKhCcdKdR071l6KpWaE02mplygaYzLGQ9o1VOCQKi+d3TxFJ0YZoCCSpoRGM/X3RIpDpSahbzpDrEdq0cvE/7xuooMbL2UiTjQVZL4oSDjSEcoCQAMmKdF8YggmkplbERlhiYk2MZVMCM7iy8ukdV5zrmqXDxeVeiOPowhHcAxVcOAa6nAHTXCBQAzP8ApvVmK9WO/Wx7y1YOUzh/AH1ucPpOGQJQ==</latexit>

U(1)B�L

<latexit sha1_base64="pSA5Qqr8BHX/0+dDtRqeaYHKJSI="></latexit>

`coherence =
2⇡

mAv0
⇡ 3⇥ 106 km

✓
4⇥ 10�13 eV

mA

◆✓
10�3

v0

◆
coherence length
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Within a coherence length
<latexit sha1_base64="S5ALphroFVXJDsCez/bVXSDuNOk="></latexit>

Aµ(t, x) ⇡ Aµ,0 sin(mAt� k · x)

    This dark photon will source a dark electric field that will produce an 
acceleration of the LIGO-Virgo Kagra mirrors; resulting in a displacement of 
these objects

<latexit sha1_base64="wd0KZzkBw8Y/WFF9T4rn9yn1puc="></latexit>

ai(t, xi) =
Fi(t,xi)

Mi
⇡ ✏e

qD,i

Mi
@tA(t,xi) = ✏e

qD,i

Mi
mAA0 cos(mAt� k · xi)

<latexit sha1_base64="vE/Lwr4pQob3jc8So8/So+7+e/8=">AAAB8HicbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiOYRZIh9HR6kia9DN09YhjyFV48KOLVz/Hm39hJ5qCJDwoe71VRVS9KODPW97+9peWV1bX1wkZxc2t7Z7e0t98wKtWE1oniSrcibChnktYts5y2Ek2xiDhtRsObid98pNowJe/tKKGhwH3JYkawddJD1oli9DTusm6p7Ff8KdAiCXJShhy1bumr01MkFVRawrEx7cBPbJhhbRnhdFzspIYmmAxxn7YdlVhQE2bTg8fo2Ck9FCvtSlo0VX9PZFgYMxKR6xTYDsy8NxH/89qpja/CjMkktVSS2aI45cgqNPke9ZimxPKRI5ho5m5FZIA1JtZlVHQhBPMvL5LGaSW4qJzfnZWr13kcBTiEIziBAC6hCrdQgzoQEPAMr/Dmae/Fe/c+Zq1LXj5zAH/gff4AsSKQWg==</latexit>xi = position of the test mass
<latexit sha1_base64="WRF2k4USCs2Oq0KiGLFq8xkwp58=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQixchonlAsoTZSW8yZHZ2mZkVwpJP8OJBEa9+kTf/xkmyB40WNBRV3XR3BYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqd+6xGV5rF8MOME/YgOJA85o8ZK97c93itX3Ko7A/lLvJxUIEe9V/7s9mOWRigNE1Trjucmxs+oMpwJnJS6qcaEshEdYMdSSSPUfjY7dUKOrNInYaxsSUNm6s+JjEZaj6PAdkbUDPWiNxX/8zqpCS/9jMskNSjZfFGYCmJiMv2b9LlCZsTYEsoUt7cSNqSKMmPTKdkQvMWX/5LmSdU7r57dnVZqV3kcRTiAQzgGDy6gBjdQhwYwGMATvMCrI5xn5815n7cWnHxmH37B+fgGIk6Ntw==</latexit>

Mi = total mass of the test object

<latexit sha1_base64="8juvbpT9QQaGZp7s3nQCIkK3Vxs=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8SNgVX8egHjxGMA9IQpidzCZDZmc3M71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dfiyFQdf9dpaWV1bX1nMb+c2t7Z3dwt5+zUSJZrzKIhnphk8Nl0LxKgqUvBFrTkNf8ro/uJ349SeujYjUI45i3g5pT4lAMIpWagw76d0pEeNOoeiW3CnIIvEyUoQMlU7hq9WNWBJyhUxSY5qeG2M7pRoFk3ycbyWGx5QNaI83LVU05KadTu8dk2OrdEkQaVsKyVT9PZHS0JhR6NvOkGLfzHsT8T+vmWBw3U6FihPkis0WBYkkGJHJ86QrNGcoR5ZQpoW9lbA+1ZShjShvQ/DmX14ktbOSd1m6eDgvlm+yOHJwCEdwAh5cQRnuoQJVYCDhGV7hzRk6L8678zFrXXKymQP4A+fzB2zDj5U=</latexit>qD,i = dark charge of the test object

For            , dark charge is the total baryon number
<latexit sha1_base64="sWsgkaPpH2Ij4+19bqJMvEw3uUE=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXsqu+HUs9eKxgtsWukvJpmkbmmSXJCuUpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMixLOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpOFaE+iXmsOhHWlDNJfcMMp51EUSwiTtvR+G7mt5+o0iyWj2aS0FDgoWQDRrCxUuBXvfNeFiiBGtNeueLW3DnQKvFyUoEczV75K+jHJBVUGsKx1l3PTUyYYWUY4XRaClJNE0zGeEi7lkosqA6z+c1TdGaVPhrEypY0aK7+nsiw0HoiItspsBnpZW8m/ud1UzO4DTMmk9RQSRaLBilHJkazAFCfKUoMn1iCiWL2VkRGWGFibEwlG4K3/PIqaV3UvOva1cNlpd7I4yjCCZxCFTy4gTrcQxN8IJDAM7zCm5M6L86787FoLTj5zDH8gfP5A5z4kMc=</latexit>

U(1)B

For                , dark charge is the number of neutrons in the material
<latexit sha1_base64="ZgE9v+YFul6ZXNU8rEx1iwtznkw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahHiyJ+HUs9eLBQwXTFtpQNttNu3SzCbsboYT+DS8eFPHqn/Hmv3HT5qCtDwYe780wM8+POVPatr+twsrq2vpGcbO0tb2zu1feP2ipKJGEuiTikez4WFHOBHU105x2Yklx6HPa9se3md9+olKxSDzqSUy9EA8FCxjB2kg9t+qc9tMGOkP30365YtfsGdAycXJSgRzNfvmrN4hIElKhCcdKdR071l6KpWaE02mplygaYzLGQ9o1VOCQKi+d3TxFJ0YZoCCSpoRGM/X3RIpDpSahbzpDrEdq0cvE/7xuooMbL2UiTjQVZL4oSDjSEcoCQAMmKdF8YggmkplbERlhiYk2MZVMCM7iy8ukdV5zrmqXDxeVeiOPowhHcAxVcOAa6nAHTXCBQAzP8ApvVmK9WO/Wx7y1YOUzh/AH1ucPpOGQJQ==</latexit>

U(1)B�L

Pierce, Riles, and Zhao 
Phys. Rev. Lett. 121 (2018), 061102 
1801.10161
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Phys. Rev. D 105 (2022), 063030 
2105.13085
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    The different accelerations experienced by the mirrors (due to different 
phases) cause an effective strain

<latexit sha1_base64="Z0bpao/8KmC/JT711j6tulMz/Ds="></latexit>q
hh2

Di ⇡ 6.5⇥ 10
�27

⇣ ✏

10�23

⌘✓
100Hz

f0

◆

       Common motion of the interferometer mirrors due to the dark matter 
background can lead to an apparent differential strain

<latexit sha1_base64="zwu18BVBDfFnIQvQBm5IHv2uMxo="></latexit>q
hh2

Ci ⇡ 6.5⇥ 10�26
⇣ ✏

10�23

⌘

Total effective strain
<latexit sha1_base64="Ni8mFMax3fmLjR7lVmGqi81NP/8=">AAACOHicbZDLSsNAFIYn9VbrLerSzWARBKEkxdtGKNaFOyvYCzQxTKaTduhkEmYmQgl9LDc+hjtx40IRtz6B0zZgbf1h4Oc753Dm/H7MqFSW9WLkFhaXllfyq4W19Y3NLXN7pyGjRGBSxxGLRMtHkjDKSV1RxUgrFgSFPiNNv18d1ZsPREga8Ts1iIkboi6nAcVIaeSZNw5DvMsI7HmpI0KoIoXY8L4MHTHhF/C342qKH03x6i/3zKJVssaC88bOTBFkqnnms9OJcBISrjBDUrZtK1ZuioSimJFhwUkkiRHuoy5pa8tRSKSbjg8fwgNNOjCIhH5cwTGdnkhRKOUg9HVniFRPztZG8L9aO1HBuZtSHieKcDxZFCRMxwNHKcIOFQQrNtAGYUH1XyHuIYGw0lkXdAj27MnzplEu2aelk9vjYuUyiyMP9sA+OAQ2OAMVcA1qoA4weASv4B18GE/Gm/FpfE1ac0Y2swv+yPj+AScmq2I=</latexit>

hh2
totali = hh2

Di+ hh2
Ci

        Two different analyses are performed by the LIGO Virgo Kagra 
collaboration to probe this dark matter candidate: direct detection of dark 
matter
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Upper limits on dark photon - baryon            coupling
<latexit sha1_base64="sWsgkaPpH2Ij4+19bqJMvEw3uUE=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXsqu+HUs9eKxgtsWukvJpmkbmmSXJCuUpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMixLOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpOFaE+iXmsOhHWlDNJfcMMp51EUSwiTtvR+G7mt5+o0iyWj2aS0FDgoWQDRrCxUuBXvfNeFiiBGtNeueLW3DnQKvFyUoEczV75K+jHJBVUGsKx1l3PTUyYYWUY4XRaClJNE0zGeEi7lkosqA6z+c1TdGaVPhrEypY0aK7+nsiw0HoiItspsBnpZW8m/ud1UzO4DTMmk9RQSRaLBilHJkazAFCfKUoMn1iCiWL2VkRGWGFibEwlG4K3/PIqaV3UvOva1cNlpd7I4yjCCZxCFTy4gTrcQxN8IJDAM7zCm5M6L86787FoLTj5zDH8gfP5A5z4kMc=</latexit>

U(1)B



Conclusions

Questions & comments: ranjanlaha@iisc.ac.in

• Gravitational wave observatories can probe beyond the Standard Model physics

• A large number of science cases

• I discussed three science cases: (i) probe of dark matter - nucleon cross-
section, (ii) probe of new muon - coupled force, and  

    (iii) probe of dark photon dark matter 

• Many other sciences cases exist which can probe beyond the Standard Model 
scenarios

• Promising cases for ground-breaking discovery


