
Muon g-2 from confined 
millicharged particles

Fang Ye (KAIST)

with Yang Bai, Seung J. Lee and Minho Son

2021 CERN-CKC Theory Workshop



Outline

• Introduction


• Muon g-2 from millicharged particles (mCPs)


• Detection of mCPs


• Astro-cosmo bounds and confinement


• Summary



Introduction
• Magnetic moment for spin-1/2 particle


• AMM: can be calculated unambiguously in a given theory and compared 
with experiments


• Muon AMM: one of the most precisely measured & theoretically best 
investigated quantities in particle physics


• Muon AMM: sensitive to BSM


•

Some basics

anomalous magnetic moment (AMM)

e.g. if BSM scale 
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muon AMM: 40000 times more sensitive than electron AMM



Introduction
• EFT for AMM: 


•

In perturbation theory (QED)
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e.g. photon vacuum polarization (PVP)
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Introduction
• Apart from QED contribution, there are weak and hadronic contributions


• Lowest order hadronic contribution: hadronic vacuum polarization (HVP) at 2-
loop


• SM prediction


• Comp. w/ exp


• If BSM modifies PVP and        , its contribution could be of ~ O(0.01) of SM PVP

R-ratio

Lattice

~ 4% of HPV

dominant contribution to 

total error of SM prediction

from HVP



Introduction
• If BSM modifies PVP


• A toy model: mCPs 


• Interaction: 

A BSM particle must carry EM charge

not necessary to have hadronic contribution

e.g. with milli-electric charge, 

behaving as missing energy

<latexit sha1_base64="1ihqirajmpBz110ls0JEbrUxk6c=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXQbda9Zbzxc1Vq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gACBI45</latexit>�

<< 1

crucial for explaining muon g-2

while satisfying constraints



Muon g-2 from mCP
LO (2-loop VP) contribution from mCP
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Muon g-2 from mCP

• MCP also contributes to electron g-2


• Deviation in electron g-2 has an opposite sign


• We require mCP contribution to electron g-2 smaller than 
the absolute value of the deviation


• This sets a lower bound on mCP mass


•

Constraint from electron g-2



Muon g-2 from mCP

• Mixed contribution from mCP and SM leptons to PVP: 3-loop


• Light-by-light from a mCP loop: 3-loop


•

Other contributions  to muon g-2 from mCP:  
higher orders, suppressed 

extra compared to HVP



Muon g-2 from mCP

• MCP modifies running coupling of QED up to EW scale


•

Constraints from electroweak precision observables
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mCP modification to fine structure const. at Z mass is well below 0.05%
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Detection of mCP
• Indirect search: not detecting interaction-generated signal


• 1) Invisible decay of hadrons (JPC = 1- -)


•
Similar bound from 



Detection of mCP
• 2) Mono-photon + missing E search at lepton collider


•
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Preferred mCP mass range: 
7~36 MeV



Detection of mCP
• Direct search: detecting mCP-electron/nucleon scattering 

generated signals


• Fixed target experiments


• Recasting to get our bounds


•
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Astro-cosmo bounds

• Massive star collapses at the end of its life, emitting neutrinos and anti-
neutrinos. Eventually massive star -> neutron star


• Neutrinos and anti-neutrinos carry away ~ 99% gravitational energy of 
the dying star


• SN 1987A: number of neutrinos detected @ Earth roughly agrees with 
theoretical exception


• @ SN core T ~ 30 MeV -> possible to produce mCPs ~ 10 MeV


•  If mCP produced from SN core can fly away, it will reduce neutrino 
fluxes & neutrino signal duration -> constrained by neutrino observation

Constraints from Supernova (SN) 1987A



Astrophysical bounds

• 1) If mCPs produced in the core fly away, the energy they carry must be small 
enough


• 2) If mCPs produced in the core are trapped, their mean-free-path (or lifetime) must 
be shorter than the core size L ~ 1 km


•

Constraints from Supernova (SN) 1987A

To be consistent with neutrino observation
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Ours: Tiny range!



Astrophysical bounds

• 1) If mCPs produced in the core fly away, the energy they carry must be small 
enough


• 2) If mCPs produced in the core are trapped, their mean-free-path (or lifetime) must 
be shorter than the core size L ~ 1 km


•

Constraints from Supernova (SN) 1987A

To be consistent with neutrino observation
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" > 10�7

[Chang, Essig & McDermott, 18’]
<latexit sha1_base64="3FP7Vd+G52VaVmxbesAHQNVnN4U=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2g0GwMewGn5AiaGMZwTwgWcPsZDYZMjuzzMwGwrKtjb9iY6GIrX9g5984m6TQxAMXDufcy733+BGjSjvOt5VbWl5ZXcuvFzY2t7Z37N29hhKxxKSOBROy5SNFGOWkrqlmpBVJgkKfkaY/vMn85ohIRQW/1+OIeCHqcxpQjLSRujZ0nYfk5CqtwM4ISRIpygSHFTjVz9JC1y46JWcCuEjcGSmCGWpd+6vTEzgOCdeYIaXarhNpL0FSU8xIWujEikQID1GftA3lKCTKSyafpPDIKD0YCGmKazhRf08kKFRqHPqmM0R6oOa9TPzPa8c6uPQSyqNYE46ni4KYQS1gFgvsUUmwZmNDEJbU3ArxAEmEtQkvC8Gdf3mRNMol97xUvjstVq9nceTBATgEx8AFF6AKbkEN1AEGj+AZvII368l6sd6tj2lrzprN7IM/sD5/ALFHl8k=</latexit>

10�9 < " < 10�5

<latexit sha1_base64="2wLo9nmNmXJbSx0nl0I8963162E=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwY0mqqMuiG1dSwT6gScNkOmmHzkzCzKRQQtdu/BU3LhRx6xe4829M2iy09cCFwzn3cu89fsSo0pb1bRSWlldW14rrpY3Nre0dc3evqcJYYtLAIQtl20eKMCpIQ1PNSDuSBHGfkZY/vMn81ohIRUPxoMcRcTnqCxpQjHQqeebhnefgAXVGSJJIURaKbhU6inJoW93k9GxS8syyVbGmgIvEzkkZ5Kh75pfTC3HMidCYIaU6thVpN0FSU8zIpOTEikQID1GfdFIqECfKTaavTOBxqvRgEMq0hIZT9fdEgrhSY+6nnRzpgZr3MvE/rxPr4MpNqIhiTQSeLQpiBnUIs1xgj0qCNRunBGFJ01shHiCJsE7Ty0Kw519eJM1qxb6oVO/Py7XrPI4iOABH4ATY4BLUwC2ogwbA4BE8g1fwZjwZL8a78TFrLRj5zD74A+PzB20bmW4=</latexit>

N�"
2 ⇠ 10�3

<latexit sha1_base64="Xm0PLrmJV9A9xZdPjOBKWNcwURg=">AAACG3icbVC7SgNBFJ2Nrxhfq5Y2g0GwMewGTSwsgjaWUcwDsjHMTm6SIbMzy8xsJCz5Dxt/xcZCESvBwr9x8yg08cCFwzn3cu89fsiZNo7zbaWWlldW19LrmY3Nre0de3evqmWkKFSo5FLVfaKBMwEVwwyHeqiABD6Hmt+/Gvu1ASjNpLgzwxCaAekK1mGUmERq2XnvlnV7higlH7Dr3McnxdGFNyAKQs24FB4HrTULpl4hdzbKtOysk3MmwIvEnZEsmqHcsj+9tqRRAMJQTrRuuE5omjFRhlEOo4wXaQgJ7ZMuNBIqSAC6GU9+G+GjRGnjjlRJCYMn6u+JmARaDwM/6QyI6el5byz+5zUi0zlvxkyEkQFBp4s6EcdG4nFQuM0UUMOHCSFUseRWTHtEEWqSOMchuPMvL5JqPucWcvmb02zpchZHGh2gQ3SMXFREJXSNyqiCKHpEz+gVvVlP1ov1bn1MW1PWbGYf/YH19QNBYqBE</latexit>

) 10�7 < " . 10�6.5

But is ruled out by

Ours:
The simplest mCP model  

with large multiplicity  
is ruled out by SN bounds



Astrophysical bounds
• Apart from the SN constraints, the relic abundance of 

mCP in this simplest model is also a problem 
(overclosure), for the parameter range that can explain 
muon g-2.


• A remedy to cure all these problem: + hidden sectors with 
strong dynamics under which mCPs are charged + other 
necessary DOF


•



Hidden confined sector(s)

• Hidden gauge groups: 


• Each hidden sector contains 1 hidden gauge group and 1 
mCP as fundamental under this group


• Confinement scale < mCP mass ~ O(10) MeV 


• Running coupling

<latexit sha1_base64="UpL2Slzd8EvVQ2mco2EMyq/8usk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI9FL56kgv3ANpTNZpMu3WzC7kYoof/CiwdFvPpvvPlv3LQ5aOuDgcd7M8zM8xLOlLbtb6u0tr6xuVXeruzs7u0fVA+PuipOJaEdEvNY9j2sKGeCdjTTnPYTSXHkcdrzJje533uiUrFYPOhpQt0Ih4IFjGBtpMe7kY+GYYicyqhas+v2HGiVOAWpQYH2qPo19GOSRlRowrFSA8dOtJthqRnhdFYZpoommExwSAeGChxR5Wbzi2fozCg+CmJpSmg0V39PZDhSahp5pjPCeqyWvVz8zxukOrhyMyaSVFNBFouClCMdo/x95DNJieZTQzCRzNyKyBhLTLQJKQ/BWX55lXQbdadZb9xf1FrXRRxlOIFTOAcHLqEFt9CGDhAQ8Ayv8GYp68V6tz4WrSWrmDmGP7A+fwCpUo+b</latexit>

Nd � 1

momentum in the loop ~ muon mass > confinement scale

=> mCP instead of hidden hadron in PVP

<latexit sha1_base64="UpL2Slzd8EvVQ2mco2EMyq/8usk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI9FL56kgv3ANpTNZpMu3WzC7kYoof/CiwdFvPpvvPlv3LQ5aOuDgcd7M8zM8xLOlLbtb6u0tr6xuVXeruzs7u0fVA+PuipOJaEdEvNY9j2sKGeCdjTTnPYTSXHkcdrzJje533uiUrFYPOhpQt0Ih4IFjGBtpMe7kY+GYYicyqhas+v2HGiVOAWpQYH2qPo19GOSRlRowrFSA8dOtJthqRnhdFYZpoommExwSAeGChxR5Wbzi2fozCg+CmJpSmg0V39PZDhSahp5pjPCeqyWvVz8zxukOrhyMyaSVFNBFouClCMdo/x95DNJieZTQzCRzNyKyBhLTLQJKQ/BWX55lXQbdadZb9xf1FrXRRxlOIFTOAcHLqEFt9CGDhAQ8Ayv8GYp68V6tz4WrSWrmDmGP7A+fwCpUo+b</latexit>

Nd � 1

~ O(1) for

Hidden sectors

not have to be enormously large



Hidden confined sector(s)

• Meson:        form Upsilon 


• Baryon:


• Glueballs of various quantum numbers

like QCD Upsilon in which b mass > QCD confinement scale

(JPC =  1 - -)

<latexit sha1_base64="bzZXQOpS5YaJqumf+GeX3eKCej0="></latexit>

Nd �’s form a baryon in each sector

Hidden hadrons

no pion (only 1 flavor in each sector, no global sym. breaking, no goldstone )

(and an antibaryon formed by anti mCPs)

Make baryon heavy s.t. they are non-relativistic in SN plasma
<latexit sha1_base64="Zrv4TqwIySts1gsHemA8eWkx1bY=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04kkq2A9IQ9lsNu3SzW7c3Qgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YcqZNq777aysrq1vbJa2yts7u3v7lYPDtpaZIrRFJJeqG2JNORO0ZZjhtJsqipOQ0044upn6nSeqNJPiwYxTGiR4IFjMCDZW8u/6EeoN6CPy3H6l6tbcGdAy8QpShQLNfuWrF0mSJVQYwrHWvuemJsixMoxwOin3Mk1TTEZ4QH1LBU6oDvLZyRN0apUIxVLZEgbN1N8TOU60Hieh7UywGepFbyr+5/mZia+CnIk0M1SQ+aI448hINP0fRUxRYvjYEkwUs7ciMsQKE2NTKtsQvMWXl0m7XvMuavX782rjuoijBMdwAmfgwSU04Baa0AICEp7hFd4c47w4787HvHXFKWaO4A+czx+z0ZA6</latexit>

Nd � 10
<latexit sha1_base64="Av/gS15qD+bVSZ1jlnPzMjj+pl0=">AAACEXicbZA9SwNBEIb3/IzxK2ppsxgEq3AXREUIBG1slAgmCrkj7G0myeLe3rE7J4Yjf8HGv2JjoYitnZ3/xs1HodEXFh7emWF23jCRwqDrfjkzs3PzC4u5pfzyyuraemFjs2HiVHOo81jG+iZkBqRQUEeBEm4SDSwKJVyHt6fD+vUdaCNidYX9BIKIdZXoCM7QWq3Cno9wj9m5UCJikvJeLDgc0wG9aPm8J2jFQptWPLdVKLoldyT6F7wJFMlEtVbh02/HPI1AIZfMmKbnJhhkTKPgEgZ5PzWQMH7LutC0qFgEJshGFw3ornXatBNr+xTSkftzImORMf0otJ0Rw56Zrg3N/2rNFDtHQSZUkiIoPl7USSXFmA7joW2hgaPsW2BcC/tXmwnTjKMNMW9D8KZP/guNcsk7KJUv94vVk0kcObJNdsge8cghqZIzUiN1wskDeSIv5NV5dJ6dN+d93DrjTGa2yC85H9/Qf5uw</latexit>

Minimal choice: N� = Nd = 10

JPC = 0 + +, 0 - +, …



Hidden confined sector(s)
Upsilon decay channels

Visible

Hidden

meson

wavefunction

suppression

dominant

Gluons will form glueballs JPC = 0 + +, 0 - +, …



Hidden confined sector(s)
• Upsilon and glueballs must satisfy the SN constraints: lifetime shorter 

than the core size L ~ 1 km to be trapped


• Glueballs eventually decay into photons or electrons unless new 
channels are opened


• Upsilon mixes with photon and should be constrained by dark photon 
(DP) search. 


• Constraints from fixed target neutrino experiments (e.g. milliQ & 
ArgoNeuT) can be removed


• Multiplicity does not need to be enormously

Difficult! Those experiment detectors have similar sizes with SN core.

The visible decay products (electrons and photons) will be detected!

A few comments

Will be fixed



Hidden confined sector(s)
To satisfy both SN and DP search constraints

A simple solution: let Upsilon dominantly decay into neutrinos, eventually

How:  
introduce two real singlet scalars of similar mass, coupling to mCP via Yukawa 
and neutrino via L-violating dim-6 operator, and an approximate discrete symmetry

discrete sym-breaking

O(1) tiny

to prevent

(LH)^2 with large 


coefficient

S mass << mCP mass

Upsilon (JPC =1 - -)

can decay both to 2Si,


i = 1, 2, or S1 + S2
for 2nd lightest 


glueball (JPC = 0 -+)

to decay to nu via S

tadpole of S —> <S> —> neutrino mass

<~ 0.1 eV



Hidden confined sector(s)
Summary of decay channels

<latexit sha1_base64="VUayVKiG9Aprl+RoEka15tMRWZM=">AAACBHicbVDLSgMxFL1TX7W+Rl12EyyCIJQZEXVZdOOyotMWOsOQSTNtbOZBkhHK0IUbf8WNC0Xc+hHu/BvTdhbaeiDhcM69JOcEKWdSWda3UVpaXlldK69XNja3tnfM3b2WTDJBqEMSnohOgCXlLKaOYorTTioojgJO28HwauK3H6iQLInv1CilXoT7MQsZwUpLvll1nVQyrqlLBgy5KkG3PkPH+r73zZpVt6ZAi8QuSA0KNH3zy+0lJItorAjHUnZtK1VejoVihNNxxc0kTTEZ4j7tahrjiEovn4YYo0Ot9FCYCH1ihabq740cR1KOokBPRlgN5Lw3Ef/zupkKL7ycxWmmaExmD4UZRzrqpBHUY4ISxUeaYCKY/isiAywwUbq3ii7Bno+8SFondfusfnJzWmtcFnWUoQoHcAQ2nEMDrqEJDhB4hGd4hTfjyXgx3o2P2WjJKHb24Q+Mzx8Xr5cW</latexit>

⌥� ! Si + Sj

<latexit sha1_base64="oezMMyuoG5PyAhaK3ZSl2gEggOE=">AAAB/3icbZDLSsNAFIZPvNZ6iwpu3AwWwVVJqqjLohuXFUxbaEKYTCbt0MmFmYlQYhe+ihsXirj1Ndz5Nk7bLLT1h4GP/5zDnPMHGWdSWda3sbS8srq2Xtmobm5t7+yae/ttmeaCUIekPBXdAEvKWUIdxRSn3UxQHAecdoLhzaTeeaBCsjS5V6OMejHuJyxiBCtt+eah62SScY0uGTDkqhSd9f3QN2tW3ZoKLYJdQg1KtXzzyw1Tksc0UYRjKXu2lSmvwEIxwum46uaSZpgMcZ/2NCY4ptIrpvuP0Yl2QhSlQr9Eoan7e6LAsZSjONCdMVYDOV+bmP/VermKrryCJVmuaEJmH0U5R/rKSRgoZIISxUcaMBFM74rIAAtMlI6sqkOw509ehHajbl/UG3fnteZ1GUcFjuAYTsGGS2jCLbTAAQKP8Ayv8GY8GS/Gu/Exa10yypkD+CPj8wdG45Wf</latexit>

⌥� ! 3gd

<latexit sha1_base64="eJwWZua3i2CD8IzqBiJcojXFmRo=">AAACCHicbVBPS8MwHE39O+e/qkcPBocgCKMdoh6HXjxOsNtgLSVN0y4sSUuSCmPs6MWv4sWDIl79CN78NmZbD7r5IPB47/fjl/einFGlHefbWlpeWV1br2xUN7e2d3btvf22ygqJiYczlsluhBRhVBBPU81IN5cE8YiRTjS4mfidByIVzcS9HuYk4CgVNKEYaSOF9pHv5YoyQ33cp9DXGfRTxDmCZ7CRhnFo15y6MwVcJG5JaqBEK7S//DjDBSdCY4aU6rlOroMRkppiRsZVv1AkR3iAUtIzVCBOVDCaBhnDE6PEMMmkeULDqfp7Y4S4UkMemUmOdF/NexPxP69X6OQqGFGRF5oIPDuUFAyauJNWYEwlwZoNDUFYUvNXiPtIIqxNd1VTgjsfeZG0G3X3ot64O681r8s6KuAQHINT4IJL0AS3oAU8gMEjeAav4M16sl6sd+tjNrpklTsH4A+szx8jkZjC</latexit>

⌥� ! � + 2gd
<latexit sha1_base64="1zfuDLR3j7BrdOk6YnD4004RY4s=">AAACBHicbVDLSgMxFM3UV62vUZfdBIsgFMtMEXVZdOOygtMWOmPJpHfa0MyDJCOUoQs3/oobF4q49SPc+Tem7Sy09UDC4Zx7Sc7xE86ksqxvo7Cyura+UdwsbW3v7O6Z+wctGaeCgkNjHouOTyRwFoGjmOLQSQSQ0OfQ9kfXU7/9AEKyOLpT4wS8kAwiFjBKlJZ6Ztl1Esm4pi4dMuyqGMN9FVf1fdozK1bNmgEvEzsnFZSj2TO/3H5M0xAiRTmRsmtbifIyIhSjHCYlN5WQEDoiA+hqGpEQpJfNQkzwsVb6OIiFPpHCM/X3RkZCKcehrydDooZy0ZuK/3ndVAWXXsaiJFUQ0flDQcqxjjptBPeZAKr4WBNCBdN/xXRIBKFK91bSJdiLkZdJq16zz2v127NK4yqvo4jK6AidIBtdoAa6QU3kIIoe0TN6RW/Gk/FivBsf89GCke8coj8wPn8Aj/SWvQ==</latexit>

⌥� ! e+ + e�

<latexit sha1_base64="upVJae96syPTVOHnXnzna2D1xj0=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRF1GXRjcuK9gFNKJPppB06mYR5CCX0N9y4UMStP+POv3GaZqGtBy4czrmXe+8JU86Udt1vp7S2vrG5Vd6u7Ozu7R9UD486KjGS0DZJeCJ7IVaUM0HbmmlOe6mkOA457YaT27nffaJSsUQ86mlKgxiPBIsYwdpK/sOAIV8nqOELM6jW3LqbA60SryA1KNAaVL/8YUJMTIUmHCvV99xUBxmWmhFOZxXfKJpiMsEj2rdU4JiqIMtvnqEzqwxRlEhbQqNc/T2R4VipaRzazhjrsVr25uJ/Xt/o6DrImEiNpoIsFkWGI/vlPAA0ZJISzaeWYCKZvRWRMZaYaBtTxYbgLb+8SjqNundZb9xf1Jo3RRxlOIFTOAcPrqAJd9CCNhBI4Rle4c0xzovz7nwsWktOMXMMf+B8/gD/jZEE</latexit>

Si ! 2⌫
<latexit sha1_base64="DQz7RUQ8SVvneA0t/irgKccOnN4=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkpSRD0WvXisaD+gCWGy3bRLd5OwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzwpQzpR3n2yqtrW9sbpW3Kzu7e/tV++Cwo5JMEtomCU9kLwRFOYtpWzPNaS+VFETIaTcc38z87iOViiXxg56k1BcwjFnECGgjBXb1PmDY0wlueEMQAgK75tSdOfAqcQtSQwVagf3lDRKSCRprwkGpvuuk2s9BakY4nVa8TNEUyBiGtG9oDIIqP58fPsWnRhngKJGmYo3n6u+JHIRSExGaTgF6pJa9mfif1890dOXnLE4zTWOyWBRlHJtHZyngAZOUaD4xBIhk5lZMRiCBaJNVxYTgLr+8SjqNuntRb9yd15rXRRxldIxO0Bly0SVqolvUQm1EUIae0St6s56sF+vd+li0lqxi5gj9gfX5A6fzknM=</latexit>

Si ! 2�

<latexit sha1_base64="YJwhlFUWv6hcMc0cTxviTIFsUqk=">AAAB/XicbVDLSgMxFL3js9bX+Ni5CRZBKJSZIuqy6MZlRfuAdhwyadrGZjJDkhHqUPwVNy4Ucet/uPNvTNtZaOuBhMM593LvPUHMmdKO820tLC4tr6zm1vLrG5tb2/bObl1FiSS0RiIeyWaAFeVM0JpmmtNmLCkOA04bweBy7DceqFQsErd6GFMvxD3BuoxgbSTf3nfu0mJxhNo6Qjc+Q0Xz3/t2wSk5E6B54makABmqvv3V7kQkCanQhGOlWq4Tay/FUjPC6SjfThSNMRngHm0ZKnBIlZdOth+hI6N0UDeS5gmNJurvjhSHSg3DwFSGWPfVrDcW//Naie6eeykTcaKpINNB3YQjc+o4CtRhkhLNh4ZgIpnZFZE+lphoE1jehODOnjxP6uWSe1oqX58UKhdZHDk4gEM4BhfOoAJXUIUaEHiEZ3iFN+vJerHerY9p6YKV9ezBH1ifP7Z5k3c=</latexit>

0++ ! Si + Sj
<latexit sha1_base64="JT9Xyv3/ebpejIcQXI6E46tW3rY=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCUChJEfVY9OKxgv2AJpbJdtsu3U3C7kYsIX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMC2LOlHacb6uwtr6xuVXcLu3s7u0f2IfltooSSWiLRDyS3QAU5SykLc00p91YUhABp51gcjPzO49UKhaF93oaU1/AKGRDRkAbqW+XnYe0Ws2wpyNc90YgBPTtilNz5sCrxM1JBeVo9u0vbxCRRNBQEw5K9Vwn1n4KUjPCaVbyEkVjIBMY0Z6hIQiq/HR+e4ZPjTLAw0iaCjWeq78nUhBKTUVgOgXosVr2ZuJ/Xi/Rwys/ZWGcaBqSxaJhwrF5dBYEHjBJieZTQ4BIZm7FZAwSiDZxlUwI7vLLq6Rdr7kXtfrdeaVxncdRRMfoBJ0hF12iBrpFTdRCBD2hZ/SK3qzMerHerY9Fa8HKZ47QH1ifP0hZk1I=</latexit>

0++ ! 2�
<latexit sha1_base64="xuWgWB90xAU0MfIJHze3nugAXZY=">AAAB/XicbVDLSgMxFL1TX7W+xsfOTbAIQrHMFFGXRTcuK9oHtOOQSTNtbOZBkhHqUPwVNy4Ucet/uPNvTNtZaOuBhMM593LvPV7MmVSW9W3kFhaXllfyq4W19Y3NLXN7pyGjRBBaJxGPRMvDknIW0rpiitNWLCgOPE6b3uBy7DcfqJAsCm/VMKZOgHsh8xnBSkuuuWfdpcelEeqoCN24DJX0f++aRatsTYDmiZ2RImSoueZXpxuRJKChIhxL2batWDkpFooRTkeFTiJpjMkA92hb0xAHVDrpZPsROtRKF/mR0C9UaKL+7khxIOUw8HRlgFVfznpj8T+vnSj/3ElZGCeKhmQ6yE840qeOo0BdJihRfKgJJoLpXRHpY4GJ0oEVdAj27MnzpFEp26flyvVJsXqRxZGHfTiAI7DhDKpwBTWoA4FHeIZXeDOejBfj3fiYluaMrGcX/sD4/AG5oZN5</latexit>

0�+ ! Si + Sj
<latexit sha1_base64="P6HHoQRjCe19sEdUwmx6WnRxav0=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgiCUpoi6LblxWsA9oYrmZTtqhM0mYmYgl5FfcuFDErT/izr9x+lho64ELh3Pu5d57goQzpR3n2yqsrK6tbxQ3S1vbO7t79n65peJUEtokMY9lJwBFOYtoUzPNaSeRFETAaTsY3Uz89iOVisXRvR4n1BcwiFjICGgj9eyy85CdnebY0zGueQMQAnp2xak6U+Bl4s5JBc3R6NlfXj8mqaCRJhyU6rpOov0MpGaE07zkpYomQEYwoF1DIxBU+dn09hwfG6WPw1iaijSeqr8nMhBKjUVgOgXooVr0JuJ/XjfV4ZWfsShJNY3IbFGYcmwenQSB+0xSovnYECCSmVsxGYIEok1cJROCu/jyMmnVqu5FtXZ3Xqlfz+MookN0hE6Qiy5RHd2iBmoigp7QM3pFb1ZuvVjv1sestWDNZw7QH1ifP0t9k1Q=</latexit>

0�+ ! 2�
<latexit sha1_base64="Cpf9umTBPZ6KbGeHlGSymr4e07E=">AAACBHicbVDLSgMxFM3UV62vUZfdBIsgDJaZIuqy6MZlBfuAzlgyaaYNTTJDkhHK0IUbf8WNC0Xc+hHu/BvTdhbaeiBwOOdebs4JE0aVdt1vq7Cyura+UdwsbW3v7O7Z+wctFacSkyaOWSw7IVKEUUGammpGOokkiIeMtMPR9dRvPxCpaCzu9DghAUcDQSOKkTZSzy6799mpM4G+jmHNHyDOEXSgER1n0rMrbtWdAS4TLycVkKPRs7/8foxTToTGDCnV9dxEBxmSmmJGJiU/VSRBeIQGpGuoQJyoIJuFmMBjo/RhFEvzhIYz9fdGhrhSYx6aSY70UC16U/E/r5vq6DLIqEhSTQSeH4pSBk3iaSOwTyXBmo0NQVhS81eIh0girE1vJVOCtxh5mbRqVe+8Wrs9q9Sv8jqKoAyOwAnwwAWogxvQAE2AwSN4Bq/gzXqyXqx362M+WrDynUPwB9bnD0qelfU=</latexit>

0�+ ! 2� + 0++

Gluons form glueballs

Require: 
1) Upsilon, glueballs, S lifetime shorter than SN core size 
2) Visible decay channels have negligible branching ratio (to evade DP search)

Not difficult to satisfy all due to millicharge suppression



Hidden confined sector(s)
Summary of decay channels

<latexit sha1_base64="VUayVKiG9Aprl+RoEka15tMRWZM=">AAACBHicbVDLSgMxFL1TX7W+Rl12EyyCIJQZEXVZdOOyotMWOsOQSTNtbOZBkhHK0IUbf8WNC0Xc+hHu/BvTdhbaeiDhcM69JOcEKWdSWda3UVpaXlldK69XNja3tnfM3b2WTDJBqEMSnohOgCXlLKaOYorTTioojgJO28HwauK3H6iQLInv1CilXoT7MQsZwUpLvll1nVQyrqlLBgy5KkG3PkPH+r73zZpVt6ZAi8QuSA0KNH3zy+0lJItorAjHUnZtK1VejoVihNNxxc0kTTEZ4j7tahrjiEovn4YYo0Ot9FCYCH1ihabq740cR1KOokBPRlgN5Lw3Ef/zupkKL7ycxWmmaExmD4UZRzrqpBHUY4ISxUeaYCKY/isiAywwUbq3ii7Bno+8SFondfusfnJzWmtcFnWUoQoHcAQ2nEMDrqEJDhB4hGd4hTfjyXgx3o2P2WjJKHb24Q+Mzx8Xr5cW</latexit>

⌥� ! Si + Sj

<latexit sha1_base64="oezMMyuoG5PyAhaK3ZSl2gEggOE=">AAAB/3icbZDLSsNAFIZPvNZ6iwpu3AwWwVVJqqjLohuXFUxbaEKYTCbt0MmFmYlQYhe+ihsXirj1Ndz5Nk7bLLT1h4GP/5zDnPMHGWdSWda3sbS8srq2Xtmobm5t7+yae/ttmeaCUIekPBXdAEvKWUIdxRSn3UxQHAecdoLhzaTeeaBCsjS5V6OMejHuJyxiBCtt+eah62SScY0uGTDkqhSd9f3QN2tW3ZoKLYJdQg1KtXzzyw1Tksc0UYRjKXu2lSmvwEIxwum46uaSZpgMcZ/2NCY4ptIrpvuP0Yl2QhSlQr9Eoan7e6LAsZSjONCdMVYDOV+bmP/VermKrryCJVmuaEJmH0U5R/rKSRgoZIISxUcaMBFM74rIAAtMlI6sqkOw509ehHajbl/UG3fnteZ1GUcFjuAYTsGGS2jCLbTAAQKP8Ayv8GY8GS/Gu/Exa10yypkD+CPj8wdG45Wf</latexit>

⌥� ! 3gd

<latexit sha1_base64="eJwWZua3i2CD8IzqBiJcojXFmRo=">AAACCHicbVBPS8MwHE39O+e/qkcPBocgCKMdoh6HXjxOsNtgLSVN0y4sSUuSCmPs6MWv4sWDIl79CN78NmZbD7r5IPB47/fjl/einFGlHefbWlpeWV1br2xUN7e2d3btvf22ygqJiYczlsluhBRhVBBPU81IN5cE8YiRTjS4mfidByIVzcS9HuYk4CgVNKEYaSOF9pHv5YoyQ33cp9DXGfRTxDmCZ7CRhnFo15y6MwVcJG5JaqBEK7S//DjDBSdCY4aU6rlOroMRkppiRsZVv1AkR3iAUtIzVCBOVDCaBhnDE6PEMMmkeULDqfp7Y4S4UkMemUmOdF/NexPxP69X6OQqGFGRF5oIPDuUFAyauJNWYEwlwZoNDUFYUvNXiPtIIqxNd1VTgjsfeZG0G3X3ot64O681r8s6KuAQHINT4IJL0AS3oAU8gMEjeAav4M16sl6sd+tjNrpklTsH4A+szx8jkZjC</latexit>

⌥� ! � + 2gd
<latexit sha1_base64="1zfuDLR3j7BrdOk6YnD4004RY4s=">AAACBHicbVDLSgMxFM3UV62vUZfdBIsgFMtMEXVZdOOygtMWOmPJpHfa0MyDJCOUoQs3/oobF4q49SPc+Tem7Sy09UDC4Zx7Sc7xE86ksqxvo7Cyura+UdwsbW3v7O6Z+wctGaeCgkNjHouOTyRwFoGjmOLQSQSQ0OfQ9kfXU7/9AEKyOLpT4wS8kAwiFjBKlJZ6Ztl1Esm4pi4dMuyqGMN9FVf1fdozK1bNmgEvEzsnFZSj2TO/3H5M0xAiRTmRsmtbifIyIhSjHCYlN5WQEDoiA+hqGpEQpJfNQkzwsVb6OIiFPpHCM/X3RkZCKcehrydDooZy0ZuK/3ndVAWXXsaiJFUQ0flDQcqxjjptBPeZAKr4WBNCBdN/xXRIBKFK91bSJdiLkZdJq16zz2v127NK4yqvo4jK6AidIBtdoAa6QU3kIIoe0TN6RW/Gk/FivBsf89GCke8coj8wPn8Aj/SWvQ==</latexit>

⌥� ! e+ + e�

<latexit sha1_base64="upVJae96syPTVOHnXnzna2D1xj0=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRF1GXRjcuK9gFNKJPppB06mYR5CCX0N9y4UMStP+POv3GaZqGtBy4czrmXe+8JU86Udt1vp7S2vrG5Vd6u7Ozu7R9UD486KjGS0DZJeCJ7IVaUM0HbmmlOe6mkOA457YaT27nffaJSsUQ86mlKgxiPBIsYwdpK/sOAIV8nqOELM6jW3LqbA60SryA1KNAaVL/8YUJMTIUmHCvV99xUBxmWmhFOZxXfKJpiMsEj2rdU4JiqIMtvnqEzqwxRlEhbQqNc/T2R4VipaRzazhjrsVr25uJ/Xt/o6DrImEiNpoIsFkWGI/vlPAA0ZJISzaeWYCKZvRWRMZaYaBtTxYbgLb+8SjqNundZb9xf1Jo3RRxlOIFTOAcPrqAJd9CCNhBI4Rle4c0xzovz7nwsWktOMXMMf+B8/gD/jZEE</latexit>

Si ! 2⌫
<latexit sha1_base64="DQz7RUQ8SVvneA0t/irgKccOnN4=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkpSRD0WvXisaD+gCWGy3bRLd5OwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzwpQzpR3n2yqtrW9sbpW3Kzu7e/tV++Cwo5JMEtomCU9kLwRFOYtpWzPNaS+VFETIaTcc38z87iOViiXxg56k1BcwjFnECGgjBXb1PmDY0wlueEMQAgK75tSdOfAqcQtSQwVagf3lDRKSCRprwkGpvuuk2s9BakY4nVa8TNEUyBiGtG9oDIIqP58fPsWnRhngKJGmYo3n6u+JHIRSExGaTgF6pJa9mfif1890dOXnLE4zTWOyWBRlHJtHZyngAZOUaD4xBIhk5lZMRiCBaJNVxYTgLr+8SjqNuntRb9yd15rXRRxldIxO0Bly0SVqolvUQm1EUIae0St6s56sF+vd+li0lqxi5gj9gfX5A6fzknM=</latexit>

Si ! 2�

<latexit sha1_base64="YJwhlFUWv6hcMc0cTxviTIFsUqk=">AAAB/XicbVDLSgMxFL3js9bX+Ni5CRZBKJSZIuqy6MZlRfuAdhwyadrGZjJDkhHqUPwVNy4Ucet/uPNvTNtZaOuBhMM593LvPUHMmdKO820tLC4tr6zm1vLrG5tb2/bObl1FiSS0RiIeyWaAFeVM0JpmmtNmLCkOA04bweBy7DceqFQsErd6GFMvxD3BuoxgbSTf3nfu0mJxhNo6Qjc+Q0Xz3/t2wSk5E6B54makABmqvv3V7kQkCanQhGOlWq4Tay/FUjPC6SjfThSNMRngHm0ZKnBIlZdOth+hI6N0UDeS5gmNJurvjhSHSg3DwFSGWPfVrDcW//Naie6eeykTcaKpINNB3YQjc+o4CtRhkhLNh4ZgIpnZFZE+lphoE1jehODOnjxP6uWSe1oqX58UKhdZHDk4gEM4BhfOoAJXUIUaEHiEZ3iFN+vJerHerY9p6YKV9ezBH1ifP7Z5k3c=</latexit>

0++ ! Si + Sj
<latexit sha1_base64="JT9Xyv3/ebpejIcQXI6E46tW3rY=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCUChJEfVY9OKxgv2AJpbJdtsu3U3C7kYsIX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMC2LOlHacb6uwtr6xuVXcLu3s7u0f2IfltooSSWiLRDyS3QAU5SykLc00p91YUhABp51gcjPzO49UKhaF93oaU1/AKGRDRkAbqW+XnYe0Ws2wpyNc90YgBPTtilNz5sCrxM1JBeVo9u0vbxCRRNBQEw5K9Vwn1n4KUjPCaVbyEkVjIBMY0Z6hIQiq/HR+e4ZPjTLAw0iaCjWeq78nUhBKTUVgOgXosVr2ZuJ/Xi/Rwys/ZWGcaBqSxaJhwrF5dBYEHjBJieZTQ4BIZm7FZAwSiDZxlUwI7vLLq6Rdr7kXtfrdeaVxncdRRMfoBJ0hF12iBrpFTdRCBD2hZ/SK3qzMerHerY9Fa8HKZ47QH1ifP0hZk1I=</latexit>

0++ ! 2�
<latexit sha1_base64="xuWgWB90xAU0MfIJHze3nugAXZY=">AAAB/XicbVDLSgMxFL1TX7W+xsfOTbAIQrHMFFGXRTcuK9oHtOOQSTNtbOZBkhHqUPwVNy4Ucet/uPNvTNtZaOuBhMM593LvPV7MmVSW9W3kFhaXllfyq4W19Y3NLXN7pyGjRBBaJxGPRMvDknIW0rpiitNWLCgOPE6b3uBy7DcfqJAsCm/VMKZOgHsh8xnBSkuuuWfdpcelEeqoCN24DJX0f++aRatsTYDmiZ2RImSoueZXpxuRJKChIhxL2batWDkpFooRTkeFTiJpjMkA92hb0xAHVDrpZPsROtRKF/mR0C9UaKL+7khxIOUw8HRlgFVfznpj8T+vnSj/3ElZGCeKhmQ6yE840qeOo0BdJihRfKgJJoLpXRHpY4GJ0oEVdAj27MnzpFEp26flyvVJsXqRxZGHfTiAI7DhDKpwBTWoA4FHeIZXeDOejBfj3fiYluaMrGcX/sD4/AG5oZN5</latexit>

0�+ ! Si + Sj
<latexit sha1_base64="P6HHoQRjCe19sEdUwmx6WnRxav0=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgiCUpoi6LblxWsA9oYrmZTtqhM0mYmYgl5FfcuFDErT/izr9x+lho64ELh3Pu5d57goQzpR3n2yqsrK6tbxQ3S1vbO7t79n65peJUEtokMY9lJwBFOYtoUzPNaSeRFETAaTsY3Uz89iOVisXRvR4n1BcwiFjICGgj9eyy85CdnebY0zGueQMQAnp2xak6U+Bl4s5JBc3R6NlfXj8mqaCRJhyU6rpOov0MpGaE07zkpYomQEYwoF1DIxBU+dn09hwfG6WPw1iaijSeqr8nMhBKjUVgOgXooVr0JuJ/XjfV4ZWfsShJNY3IbFGYcmwenQSB+0xSovnYECCSmVsxGYIEok1cJROCu/jyMmnVqu5FtXZ3Xqlfz+MookN0hE6Qiy5RHd2iBmoigp7QM3pFb1ZuvVjv1sestWDNZw7QH1ifP0t9k1Q=</latexit>

0�+ ! 2�
<latexit sha1_base64="Cpf9umTBPZ6KbGeHlGSymr4e07E=">AAACBHicbVDLSgMxFM3UV62vUZfdBIsgDJaZIuqy6MZlBfuAzlgyaaYNTTJDkhHK0IUbf8WNC0Xc+hHu/BvTdhbaeiBwOOdebs4JE0aVdt1vq7Cyura+UdwsbW3v7O7Z+wctFacSkyaOWSw7IVKEUUGammpGOokkiIeMtMPR9dRvPxCpaCzu9DghAUcDQSOKkTZSzy6799mpM4G+jmHNHyDOEXSgER1n0rMrbtWdAS4TLycVkKPRs7/8foxTToTGDCnV9dxEBxmSmmJGJiU/VSRBeIQGpGuoQJyoIJuFmMBjo/RhFEvzhIYz9fdGhrhSYx6aSY70UC16U/E/r5vq6DLIqEhSTQSeH4pSBk3iaSOwTyXBmo0NQVhS81eIh0girE1vJVOCtxh5mbRqVe+8Wrs9q9Sv8jqKoAyOwAnwwAWogxvQAE2AwSN4Bq/gzXqyXqx362M+WrDynUPwB9bnD0qelfU=</latexit>

0�+ ! 2� + 0++mCP mass >> 
Hidden confinement scale ~ a few MeV 

> BBN scale



Hidden confined sector(s)
<latexit sha1_base64="JT9Xyv3/ebpejIcQXI6E46tW3rY=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCUChJEfVY9OKxgv2AJpbJdtsu3U3C7kYsIX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMC2LOlHacb6uwtr6xuVXcLu3s7u0f2IfltooSSWiLRDyS3QAU5SykLc00p91YUhABp51gcjPzO49UKhaF93oaU1/AKGRDRkAbqW+XnYe0Ws2wpyNc90YgBPTtilNz5sCrxM1JBeVo9u0vbxCRRNBQEw5K9Vwn1n4KUjPCaVbyEkVjIBMY0Z6hIQiq/HR+e4ZPjTLAw0iaCjWeq78nUhBKTUVgOgXosVr2ZuJ/Xi/Rwys/ZWGcaBqSxaJhwrF5dBYEHjBJieZTQ4BIZm7FZAwSiDZxlUwI7vLLq6Rdr7kXtfrdeaVxncdRRMfoBJ0hF12iBrpFTdRCBD2hZ/SK3qzMerHerY9Fa8HKZ47QH1ifP0hZk1I=</latexit>

0++ ! 2�

<latexit sha1_base64="YJwhlFUWv6hcMc0cTxviTIFsUqk=">AAAB/XicbVDLSgMxFL3js9bX+Ni5CRZBKJSZIuqy6MZlRfuAdhwyadrGZjJDkhHqUPwVNy4Ucet/uPNvTNtZaOuBhMM593LvPUHMmdKO820tLC4tr6zm1vLrG5tb2/bObl1FiSS0RiIeyWaAFeVM0JpmmtNmLCkOA04bweBy7DceqFQsErd6GFMvxD3BuoxgbSTf3nfu0mJxhNo6Qjc+Q0Xz3/t2wSk5E6B54makABmqvv3V7kQkCanQhGOlWq4Tay/FUjPC6SjfThSNMRngHm0ZKnBIlZdOth+hI6N0UDeS5gmNJurvjhSHSg3DwFSGWPfVrDcW//Naie6eeykTcaKpINNB3YQjc+o4CtRhkhLNh4ZgIpnZFZE+lphoE1jehODOnjxP6uWSe1oqX58UKhdZHDk4gEM4BhfOoAJXUIUaEHiEZ3iFN+vJerHerY9p6YKV9ezBH1ifP7Z5k3c=</latexit>

0++ ! Si + Sj



Hidden confined sector(s)

<latexit sha1_base64="P6HHoQRjCe19sEdUwmx6WnRxav0=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgiCUpoi6LblxWsA9oYrmZTtqhM0mYmYgl5FfcuFDErT/izr9x+lho64ELh3Pu5d57goQzpR3n2yqsrK6tbxQ3S1vbO7t79n65peJUEtokMY9lJwBFOYtoUzPNaSeRFETAaTsY3Uz89iOVisXRvR4n1BcwiFjICGgj9eyy85CdnebY0zGueQMQAnp2xak6U+Bl4s5JBc3R6NlfXj8mqaCRJhyU6rpOov0MpGaE07zkpYomQEYwoF1DIxBU+dn09hwfG6WPw1iaijSeqr8nMhBKjUVgOgXooVr0JuJ/XjfV4ZWfsShJNY3IbFGYcmwenQSB+0xSovnYECCSmVsxGYIEok1cJROCu/jyMmnVqu5FtXZ3Xqlfz+MookN0hE6Qiy5RHd2iBmoigp7QM3pFb1ZuvVjv1sestWDNZw7QH1ifP0t9k1Q=</latexit>

0�+ ! 2�

<latexit sha1_base64="xuWgWB90xAU0MfIJHze3nugAXZY=">AAAB/XicbVDLSgMxFL1TX7W+xsfOTbAIQrHMFFGXRTcuK9oHtOOQSTNtbOZBkhHqUPwVNy4Ucet/uPNvTNtZaOuBhMM593LvPV7MmVSW9W3kFhaXllfyq4W19Y3NLXN7pyGjRBBaJxGPRMvDknIW0rpiitNWLCgOPE6b3uBy7DcfqJAsCm/VMKZOgHsh8xnBSkuuuWfdpcelEeqoCN24DJX0f++aRatsTYDmiZ2RImSoueZXpxuRJKChIhxL2batWDkpFooRTkeFTiJpjMkA92hb0xAHVDrpZPsROtRKF/mR0C9UaKL+7khxIOUw8HRlgFVfznpj8T+vnSj/3ElZGCeKhmQ6yE840qeOo0BdJihRfKgJJoLpXRHpY4GJ0oEVdAj27MnzpFEp26flyvVJsXqRxZGHfTiAI7DhDKpwBTWoA4FHeIZXeDOejBfj3fiYluaMrGcX/sD4/AG5oZN5</latexit>

0�+ ! Si + Sj

<latexit sha1_base64="eIFB0TzrxXbzJSWHLuzy+ZPb8zc="></latexit>

Nd
g2d"

2e2

16⇡2m4
�

F 2
µ⌫(G̃

⇢�
d )2



Hidden confined sector(s)



Hidden confined sector(s)
One benchmark point

<latexit sha1_base64="deTFBIYV/cZSUc/Unh3MSgBHiZk="></latexit>

m� ⇠ 15 MeV,

⇤d ⇠ 3 MeV,

⇤ ⇠ 103 MeV (scale of dim-6 operator (LH)2S),

N� = Nd = 10,

" ⇠ 10�2
,

ys ⇠ 1,

s ⇠ 10�6



Upsilon mixing with photon
normalized Upsilon field

kinetic mixing parameter



Constraints from dark 
photon search experiments

Dump experiments

From [Raggi and Kozhuharov, 15]

From [Raggi and Kozhuharov, 15]

DP search:  
DP all decays to electrons/photons

Our model:  
Only a tiny fraction of Upsilon decays to visible

<latexit sha1_base64="EGwaiHyV1XQr+jFej11N14zUGlk="></latexit>

Our ✏2 Br(⌥� ! e+e�) to be matched with their �2



Constraints from dark 
photon search experiments

Dump experiments

From [Raggi and Kozhuharov, 15]

<latexit sha1_base64="EGwaiHyV1XQr+jFej11N14zUGlk="></latexit>

Our ✏2 Br(⌥� ! e+e�) to be matched with their �2

<latexit sha1_base64="deTFBIYV/cZSUc/Unh3MSgBHiZk="></latexit>

m� ⇠ 15 MeV,

⇤d ⇠ 3 MeV,

⇤ ⇠ 103 MeV (scale of dim-6 operator (LH)2S),

N� = Nd = 10,

" ⇠ 10�2
,

ys ⇠ 1,

s ⇠ 10�6

For benchmark point

below 10^-16

<latexit sha1_base64="/+PiGcOhwoYmsGjXOj8qAKxESwo="></latexit>

✏ ⇠ 10�6

Br(⌥ ! vis) ⇠ 10�5

✏2 Br(⌥ ! vis) ⇠ 10�17

Evading the bounds



Relic abundance



Relic abundance



Check indirect detection for 
mCPs

• 1) Invisible decay of


• Mono-photon + missing E  at lepton collider

Now, with hidden strong dynamics

Invisible mCP and anti-mCP form meson and 

eventually have O(1) fraction decaying into neutrinos

O(1)

Similar to the above. The bound is unchanged.



Summary
• We provide a novel explanation to muon g-2 from mCPs at 2-loop level with mass 

~ O(10) MeV, 


• MCPs in our model also transform as fundamental under hidden strong gauge 
groups with confinement scale < mCP mass. 


• (With the help of extra light singlet scalars S) Hidden Upsilon meson and 
glueballs: 1) decay into neutrinos eventually (Their branching decay into visible 
particles is tiny. ); 2) have lifetime shorter than SN core size. 


• Constraints from SN and DP search (via photon-Upsilon mixing) are both 
satisfied.


• The parameter space of interest is well below the bounds from indirect search for 
mCPs.


• MCPs with hidden confinement open up new possibilities for model building etc.

<latexit sha1_base64="2wLo9nmNmXJbSx0nl0I8963162E=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwY0mqqMuiG1dSwT6gScNkOmmHzkzCzKRQQtdu/BU3LhRx6xe4829M2iy09cCFwzn3cu89fsSo0pb1bRSWlldW14rrpY3Nre0dc3evqcJYYtLAIQtl20eKMCpIQ1PNSDuSBHGfkZY/vMn81ohIRUPxoMcRcTnqCxpQjHQqeebhnefgAXVGSJJIURaKbhU6inJoW93k9GxS8syyVbGmgIvEzkkZ5Kh75pfTC3HMidCYIaU6thVpN0FSU8zIpOTEikQID1GfdFIqECfKTaavTOBxqvRgEMq0hIZT9fdEgrhSY+6nnRzpgZr3MvE/rxPr4MpNqIhiTQSeLQpiBnUIs1xgj0qCNRunBGFJ01shHiCJsE7Ty0Kw519eJM1qxb6oVO/Py7XrPI4iOABH4ATY4BLUwC2ogwbA4BE8g1fwZjwZL8a78TFrLRj5zD74A+PzB20bmW4=</latexit>

N�"
2 ⇠ 10�3

<latexit sha1_base64="Av/gS15qD+bVSZ1jlnPzMjj+pl0=">AAACEXicbZA9SwNBEIb3/IzxK2ppsxgEq3AXREUIBG1slAgmCrkj7G0myeLe3rE7J4Yjf8HGv2JjoYitnZ3/xs1HodEXFh7emWF23jCRwqDrfjkzs3PzC4u5pfzyyuraemFjs2HiVHOo81jG+iZkBqRQUEeBEm4SDSwKJVyHt6fD+vUdaCNidYX9BIKIdZXoCM7QWq3Cno9wj9m5UCJikvJeLDgc0wG9aPm8J2jFQptWPLdVKLoldyT6F7wJFMlEtVbh02/HPI1AIZfMmKbnJhhkTKPgEgZ5PzWQMH7LutC0qFgEJshGFw3ornXatBNr+xTSkftzImORMf0otJ0Rw56Zrg3N/2rNFDtHQSZUkiIoPl7USSXFmA7joW2hgaPsW2BcC/tXmwnTjKMNMW9D8KZP/guNcsk7KJUv94vVk0kcObJNdsge8cghqZIzUiN1wskDeSIv5NV5dJ6dN+d93DrjTGa2yC85H9/Qf5uw</latexit>

Minimal choice: N� = Nd = 10



Thank you!



Backup


