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Motivation

�2

The neutrino physics entered into precision era, we need to 
understand sub-leading effects such as NSI to determine the 
true value of physical parameters in neutrino sector. 

NSI can be related to lepton flavor non-universality by gauge 
symmetry. 

Many new physics in neutrino sector can introduce 
nonstandard neutrino interactions (NSI).



NSI formalism
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The effects of Non-Standard neutrino interaction on low-energy 
observables are traditionally parametrized by an effective four-fermion 
Lagrangian  
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Neutrino Oscillation Experiments
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The Hamiltonian for neutrino propagation in the presence of neutral current NSI is 

Effective NSI parameters ✏↵↵ ⌘
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Gauged U(1)
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The effective Lagrangian formalism is non-renormalizable and not gauge invariant.

We study the non-standard interactions arising from a new flavored gauge boson Z’ 
associated with a new            symmetry.

With three right-handed neutrinos, we can apply anomaly-free constrains
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9Q0
q +Q0

e +Q0
µ +Q0

⌧ = 0
<latexit sha1_base64="DfOwKVye36VgonvJbrlbB3K+/DM=">AAACHnicbVDLSsNAFJ34rPUVdekmWARBKYkP1IVQdOOyBfuAJobJ9KYdOpPEmYlQSr/Ejb/ixoUigiv9G6cPsbYeGDj3nHu5c0+QMCqVbX8ZM7Nz8wuLmaXs8srq2rq5sVmRcSoIlEnMYlELsARGIygrqhjUEgGYBwyqQfuq71fvQUgaRzeqk4DHcTOiISVYack3T87dg5J/d+smgnLYL/nwS12ejhUK/1QXtm/m7Lw9gDVNnBHJoRGKvvnhNmKScogUYVjKumMnyutioShh0Mu6qYQEkzZuQl3TCHOQXndwXs/a1UrDCmOhX6SsgTo+0cVcyg4PdCfHqiUnvb74n1dPVXjmdWmUpAoiMlwUpsxSsdXPympQAUSxjiaYCKr/apEWFpgonWhWh+BMnjxNKod55yhvl45zhctRHBm0jXbQHnLQKSqga1REZUTQA3pCL+jVeDSejTfjfdg6Y4xmttAfGJ/fwySiRA==</latexit>



Coherent elastic neutrino-nucleus scattering (CEvNS) 
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When the momentum exchanged is significantly 
smaller than the inverse of the nuclear size,

the probability of interaction would be 
enhanced by the square of the number 
of neutrons in the nucleus.

[1708.01294]

1

E⌫
⇠ 10�14m ! E⌫ ⇠ 20MeV

<latexit sha1_base64="lkDfKajYQqk5BYEwKSdPPkm0OpM="></latexit><latexit sha1_base64="lkDfKajYQqk5BYEwKSdPPkm0OpM="></latexit><latexit sha1_base64="lkDfKajYQqk5BYEwKSdPPkm0OpM="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="abjKgGRV7rbcHTOY6o0sLcWk7V4=">AAACIHicbZBLSwMxFIXv+LZWrW7dBIvgxpIUQZeiCG4EBVuFTi2ZNNOGJpkhyShlmP/jxr/iQhc+8MeYPha+LgQO55yQ3C9KpbAO4/dgZnZufmFxabm0Ul5dW69slJs2yQzjDZbIxNxE1HIpNG844SS/SQ2nKpL8OhqcjPLrO26sSPSVG6a8rWhPi1gw6rzVqRyHsaEsJ0V+2gl1VqDQCoUIvs33yH6BFAqN6PUdNSa5R+PKpFHHPlH5OW8WnUoV1/B40F9BpqIK07noVJ7DbsIyxbVjklrbIjh17ZwaJ5jkRSnMLE8pG9Aeb3mpqeK2nY93LdCOd7ooTow/2qGx+/1GTpW1QxX5pqKub39nI/O/rJW5+LCdC51mjms2eSjOJHIJGoFDXWE4c3LoBWVG+L8i1qcenvN4Sx4C+b3yX9Gs1wiukUsMS7AF27ALBA7gCM7gAhrA4AGe4BXegsfgJfiY4JoJptw24ccEn18F1KTK</latexit><latexit sha1_base64="abjKgGRV7rbcHTOY6o0sLcWk7V4=">AAACIHicbZBLSwMxFIXv+LZWrW7dBIvgxpIUQZeiCG4EBVuFTi2ZNNOGJpkhyShlmP/jxr/iQhc+8MeYPha+LgQO55yQ3C9KpbAO4/dgZnZufmFxabm0Ul5dW69slJs2yQzjDZbIxNxE1HIpNG844SS/SQ2nKpL8OhqcjPLrO26sSPSVG6a8rWhPi1gw6rzVqRyHsaEsJ0V+2gl1VqDQCoUIvs33yH6BFAqN6PUdNSa5R+PKpFHHPlH5OW8WnUoV1/B40F9BpqIK07noVJ7DbsIyxbVjklrbIjh17ZwaJ5jkRSnMLE8pG9Aeb3mpqeK2nY93LdCOd7ooTow/2qGx+/1GTpW1QxX5pqKub39nI/O/rJW5+LCdC51mjms2eSjOJHIJGoFDXWE4c3LoBWVG+L8i1qcenvN4Sx4C+b3yX9Gs1wiukUsMS7AF27ALBA7gCM7gAhrA4AGe4BXegsfgJfiY4JoJptw24ccEn18F1KTK</latexit><latexit sha1_base64="PZi/Pn3c/MCLT5CU8KV/AiRvGbI="></latexit><latexit sha1_base64="lkDfKajYQqk5BYEwKSdPPkm0OpM="></latexit><latexit sha1_base64="lkDfKajYQqk5BYEwKSdPPkm0OpM="></latexit><latexit sha1_base64="lkDfKajYQqk5BYEwKSdPPkm0OpM="></latexit><latexit sha1_base64="lkDfKajYQqk5BYEwKSdPPkm0OpM="></latexit><latexit sha1_base64="lkDfKajYQqk5BYEwKSdPPkm0OpM="></latexit><latexit sha1_base64="lkDfKajYQqk5BYEwKSdPPkm0OpM="></latexit>

Er ⇠ E2
⌫

MLAr
⇠ 10 KeV

<latexit sha1_base64="RI8QUMonwZNpLvEQ9aN2nvRzMqU="></latexit>



COHERENT Experiment
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[arXiv: 1708.01294]

⇡+ ! µ+ + ⌫µ
<latexit sha1_base64="5o001qp9DzNZuHNrPSeAQKWpen4=">AAACCnicbZDLSsNAFIYnXmu9RV26GS2CIJREBF0W3bisYC/QxDCZTtqhk5kwF6WErt34Km5cKOLWJ3Dn2zhts9DWHwZ+vnMOZ84fZ4wq7XnfzsLi0vLKammtvL6xubXt7uw2lTASkwYWTMh2jBRhlJOGppqRdiYJSmNGWvHgalxv3ROpqOC3epiRMEU9ThOKkbYocg+CjN6dwEDSXl8jKcUDDFJjiWXcRNZHbsWrehPBeeMXpgIK1SP3K+gKbFLCNWZIqY7vZTrMkdQUMzIqB0aRDOEB6pGOtRylRIX55JQRPLKkCxMh7eMaTujviRylSg3T2HamSPfVbG0M/6t1jE4uwpzyzGjC8XRRYhjUAo5zgV0qCdZsaA3Cktq/QtxHEmFt0yvbEPzZk+dN87Tqe1X/5qxSuyziKIF9cAiOgQ/OQQ1cgzpoAAwewTN4BW/Ok/PivDsf09YFp5jZA3/kfP4AwJaZpg==</latexit><latexit sha1_base64="5o001qp9DzNZuHNrPSeAQKWpen4=">AAACCnicbZDLSsNAFIYnXmu9RV26GS2CIJREBF0W3bisYC/QxDCZTtqhk5kwF6WErt34Km5cKOLWJ3Dn2zhts9DWHwZ+vnMOZ84fZ4wq7XnfzsLi0vLKammtvL6xubXt7uw2lTASkwYWTMh2jBRhlJOGppqRdiYJSmNGWvHgalxv3ROpqOC3epiRMEU9ThOKkbYocg+CjN6dwEDSXl8jKcUDDFJjiWXcRNZHbsWrehPBeeMXpgIK1SP3K+gKbFLCNWZIqY7vZTrMkdQUMzIqB0aRDOEB6pGOtRylRIX55JQRPLKkCxMh7eMaTujviRylSg3T2HamSPfVbG0M/6t1jE4uwpzyzGjC8XRRYhjUAo5zgV0qCdZsaA3Cktq/QtxHEmFt0yvbEPzZk+dN87Tqe1X/5qxSuyziKIF9cAiOgQ/OQQ1cgzpoAAwewTN4BW/Ok/PivDsf09YFp5jZA3/kfP4AwJaZpg==</latexit><latexit sha1_base64="5o001qp9DzNZuHNrPSeAQKWpen4=">AAACCnicbZDLSsNAFIYnXmu9RV26GS2CIJREBF0W3bisYC/QxDCZTtqhk5kwF6WErt34Km5cKOLWJ3Dn2zhts9DWHwZ+vnMOZ84fZ4wq7XnfzsLi0vLKammtvL6xubXt7uw2lTASkwYWTMh2jBRhlJOGppqRdiYJSmNGWvHgalxv3ROpqOC3epiRMEU9ThOKkbYocg+CjN6dwEDSXl8jKcUDDFJjiWXcRNZHbsWrehPBeeMXpgIK1SP3K+gKbFLCNWZIqY7vZTrMkdQUMzIqB0aRDOEB6pGOtRylRIX55JQRPLKkCxMh7eMaTujviRylSg3T2HamSPfVbG0M/6t1jE4uwpzyzGjC8XRRYhjUAo5zgV0qCdZsaA3Cktq/QtxHEmFt0yvbEPzZk+dN87Tqe1X/5qxSuyziKIF9cAiOgQ/OQQ1cgzpoAAwewTN4BW/Ok/PivDsf09YFp5jZA3/kfP4AwJaZpg==</latexit><latexit sha1_base64="5o001qp9DzNZuHNrPSeAQKWpen4=">AAACCnicbZDLSsNAFIYnXmu9RV26GS2CIJREBF0W3bisYC/QxDCZTtqhk5kwF6WErt34Km5cKOLWJ3Dn2zhts9DWHwZ+vnMOZ84fZ4wq7XnfzsLi0vLKammtvL6xubXt7uw2lTASkwYWTMh2jBRhlJOGppqRdiYJSmNGWvHgalxv3ROpqOC3epiRMEU9ThOKkbYocg+CjN6dwEDSXl8jKcUDDFJjiWXcRNZHbsWrehPBeeMXpgIK1SP3K+gKbFLCNWZIqY7vZTrMkdQUMzIqB0aRDOEB6pGOtRylRIX55JQRPLKkCxMh7eMaTujviRylSg3T2HamSPfVbG0M/6t1jE4uwpzyzGjC8XRRYhjUAo5zgV0qCdZsaA3Cktq/QtxHEmFt0yvbEPzZk+dN87Tqe1X/5qxSuyziKIF9cAiOgQ/OQQ1cgzpoAAwewTN4BW/Ok/PivDsf09YFp5jZA3/kfP4AwJaZpg==</latexit>

prompt neutrino

e+ + ⌫̄µ + ⌫e
<latexit sha1_base64="LQlMmbyhijByWP7QybfUePpvaS4=">AAACAHicbZDLSsNAFIYn9VbrrerChZtgEYRCSUTQZdGNywr2Ak0Mk+lJO3RmEmYmQgnZ+CpuXCji1sdw59s4bbPQ1h8GPv5zDmfOHyaMKu0431ZpZXVtfaO8Wdna3tndq+4fdFScSgJtErNY9kKsgFEBbU01g14iAfOQQTcc30zr3UeQisbiXk8S8DkeChpRgrWxguoRPNTrXohl5ok0Dzye1g0EEFRrTsOZyV4Gt4AaKtQKql/eICYpB6EJw0r1XSfRfoalpoRBXvFSBQkmYzyEvkGBOSg/mx2Q26fGGdhRLM0T2p65vycyzJWa8NB0cqxHarE2Nf+r9VMdXfkZFUmqQZD5oihlto7taRr2gEogmk0MYCKp+atNRlhiok1mFROCu3jyMnTOG67TcO8uas3rIo4yOkYn6Ay56BI10S1qoTYiKEfP6BW9WU/Wi/VufcxbS1Yxc4j+yPr8AVgFlj0=</latexit><latexit sha1_base64="LQlMmbyhijByWP7QybfUePpvaS4=">AAACAHicbZDLSsNAFIYn9VbrrerChZtgEYRCSUTQZdGNywr2Ak0Mk+lJO3RmEmYmQgnZ+CpuXCji1sdw59s4bbPQ1h8GPv5zDmfOHyaMKu0431ZpZXVtfaO8Wdna3tndq+4fdFScSgJtErNY9kKsgFEBbU01g14iAfOQQTcc30zr3UeQisbiXk8S8DkeChpRgrWxguoRPNTrXohl5ok0Dzye1g0EEFRrTsOZyV4Gt4AaKtQKql/eICYpB6EJw0r1XSfRfoalpoRBXvFSBQkmYzyEvkGBOSg/mx2Q26fGGdhRLM0T2p65vycyzJWa8NB0cqxHarE2Nf+r9VMdXfkZFUmqQZD5oihlto7taRr2gEogmk0MYCKp+atNRlhiok1mFROCu3jyMnTOG67TcO8uas3rIo4yOkYn6Ay56BI10S1qoTYiKEfP6BW9WU/Wi/VufcxbS1Yxc4j+yPr8AVgFlj0=</latexit><latexit sha1_base64="LQlMmbyhijByWP7QybfUePpvaS4=">AAACAHicbZDLSsNAFIYn9VbrrerChZtgEYRCSUTQZdGNywr2Ak0Mk+lJO3RmEmYmQgnZ+CpuXCji1sdw59s4bbPQ1h8GPv5zDmfOHyaMKu0431ZpZXVtfaO8Wdna3tndq+4fdFScSgJtErNY9kKsgFEBbU01g14iAfOQQTcc30zr3UeQisbiXk8S8DkeChpRgrWxguoRPNTrXohl5ok0Dzye1g0EEFRrTsOZyV4Gt4AaKtQKql/eICYpB6EJw0r1XSfRfoalpoRBXvFSBQkmYzyEvkGBOSg/mx2Q26fGGdhRLM0T2p65vycyzJWa8NB0cqxHarE2Nf+r9VMdXfkZFUmqQZD5oihlto7taRr2gEogmk0MYCKp+atNRlhiok1mFROCu3jyMnTOG67TcO8uas3rIo4yOkYn6Ay56BI10S1qoTYiKEfP6BW9WU/Wi/VufcxbS1Yxc4j+yPr8AVgFlj0=</latexit><latexit sha1_base64="LQlMmbyhijByWP7QybfUePpvaS4=">AAACAHicbZDLSsNAFIYn9VbrrerChZtgEYRCSUTQZdGNywr2Ak0Mk+lJO3RmEmYmQgnZ+CpuXCji1sdw59s4bbPQ1h8GPv5zDmfOHyaMKu0431ZpZXVtfaO8Wdna3tndq+4fdFScSgJtErNY9kKsgFEBbU01g14iAfOQQTcc30zr3UeQisbiXk8S8DkeChpRgrWxguoRPNTrXohl5ok0Dzye1g0EEFRrTsOZyV4Gt4AaKtQKql/eICYpB6EJw0r1XSfRfoalpoRBXvFSBQkmYzyEvkGBOSg/mx2Q26fGGdhRLM0T2p65vycyzJWa8NB0cqxHarE2Nf+r9VMdXfkZFUmqQZD5oihlto7taRr2gEogmk0MYCKp+atNRlhiok1mFROCu3jyMnTOG67TcO8uas3rIo4yOkYn6Ay56BI10S1qoTYiKEfP6BW9WU/Wi/VufcxbS1Yxc4j+yPr8AVgFlj0=</latexit>

delayed neutrino

Time distribution

�⌫µ(E⌫) = N�(E⌫ �
m2

⇡ �m2
µ

2m⇡
)

<latexit sha1_base64="JU6LHU0qH4cUPnqPHbEH35ycH0M="></latexit><latexit sha1_base64="JU6LHU0qH4cUPnqPHbEH35ycH0M="></latexit><latexit sha1_base64="JU6LHU0qH4cUPnqPHbEH35ycH0M="></latexit><latexit sha1_base64="JU6LHU0qH4cUPnqPHbEH35ycH0M="></latexit>

Energy distribution

�⌫̄µ(E⌫) = N
64E2

⌫

m3
µ

(
3

4
� E⌫

mµ
)

<latexit sha1_base64="jygO3xySjO9FBT59ScaCDqbqUTA="></latexit><latexit sha1_base64="jygO3xySjO9FBT59ScaCDqbqUTA="></latexit><latexit sha1_base64="jygO3xySjO9FBT59ScaCDqbqUTA="></latexit><latexit sha1_base64="jygO3xySjO9FBT59ScaCDqbqUTA="></latexit>

�⌫e(E⌫) = N
192E2

⌫

m3
µ

(
1

2
� E⌫

mµ
)

<latexit sha1_base64="GYIkcgk/g2aNNU3/W1B/uuCZNmA="></latexit><latexit sha1_base64="GYIkcgk/g2aNNU3/W1B/uuCZNmA="></latexit><latexit sha1_base64="GYIkcgk/g2aNNU3/W1B/uuCZNmA="></latexit><latexit sha1_base64="GYIkcgk/g2aNNU3/W1B/uuCZNmA="></latexit>

[arXiv: 1804.09459]



Coherent elastic neutrino-nucleus scattering (CEvNS) 
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d�↵

dEr
=

G2
F

2⇡
Q2

↵F
2(Q2)M(2� MEr

E2
⌫

)
<latexit sha1_base64="KE7vaUWH014/4woQ+lKYIg7OdS8="></latexit><latexit sha1_base64="KE7vaUWH014/4woQ+lKYIg7OdS8="></latexit><latexit sha1_base64="KE7vaUWH014/4woQ+lKYIg7OdS8="></latexit><latexit sha1_base64="KE7vaUWH014/4woQ+lKYIg7OdS8="></latexit>

Differential cross section:

Q2
↵ = [Z(gVp + 2✏uV↵↵ + ✏dV↵↵) +N(gVn + ✏uV↵↵ + 2✏dV↵↵)]

2
<latexit sha1_base64="JnRYWbD6EZotPpFBJhl853Xux9s="></latexit>

✏uVee = ✏dVee =
g02Q0

qQ
0
ep

2GF (2MEr +M2
Z0)

<latexit sha1_base64="Mfrn8Fy6tVdyBPxusYWmJLKTmBM="></latexit>

✏uVµµ = ✏dVµµ =
g02Q0

qQ
0
µp

2GF (2MEr +M2
Z0)

<latexit sha1_base64="yUGADYW6rVeAzwpCv24is+BpjEU="></latexit>

gVp =
1

2
� 2 sin2 ✓W

<latexit sha1_base64="i/pyMz7FWmpVZ80Ow8aXuhMuYR0=">AAACCnicbVBNS8NAEN3Ur1q/qh69RIvgxZJEQS9C0YvHCvYDmjRstpt26WYTdidCCT178a948aCIV3+BN/+N2zYHbX0w8Hhvhpl5QcKZAsv6NgpLyyura8X10sbm1vZOeXevqeJUEtogMY9lO8CKciZoAxhw2k4kxVHAaSsY3kz81gOVisXiHkYJ9SLcFyxkBIOW/PJh30+6zSs3lJhk9jhzxqeOq5joOi4MKGC/5ZcrVtWawlwkdk4qKEfdL3+5vZikERVAOFaqY1sJeBmWwAin45KbKppgMsR92tFU4IgqL5u+MjaPtdIzw1jqEmBO1d8TGY6UGkWB7owwDNS8NxH/8zophJdexkSSAhVktihMuQmxOcnF7DFJCfCRJphIpm81yQDrVECnV9Ih2PMvL5KmU7XPqtbdeaV2ncdRRAfoCJ0gG12gGrpFddRABD2iZ/SK3own48V4Nz5mrQUjn9lHf2B8/gCGipom</latexit>

gVn =
1

2
<latexit sha1_base64="uUdusclHtdb4RAH5smileTLm5Zs=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5JUQS9C0YvHCvYD2lg22027dLMJuxulxPwULx4U8eov8ea/cdvmoK0PBh7vzTAzz485U9pxvq3Cyura+kZxs7S1vbO7Z5f3WypKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x9dTv/1ApWKRuNOTmHohHgoWMIK1kfp2edgX963LXiAxSd0srWV9u+JUnRnQMnFzUoEcjb791RtEJAmp0IRjpbquE2svxVIzwmlW6iWKxpiM8ZB2DRU4pMpLZ6dn6NgoAxRE0pTQaKb+nkhxqNQk9E1niPVILXpT8T+vm+jgwkuZiBNNBZkvChKOdISmOaABk5RoPjEEE8nMrYiMsElBm7RKJgR38eVl0qpV3dOqc3tWqV/lcRThEI7gBFw4hzrcQAOaQOARnuEV3qwn68V6tz7mrQUrnzmAP7A+fwDtjZPH</latexit>

Nth(t, Er, ✏) =
X

↵

mdetNA

M

Z

�Er

dEr

Z

�t
dt⇢↵(t)

Z Emax
⌫

Emin
⌫

dE⌫ �↵(E⌫)
d�↵(✏)

dEr
<latexit sha1_base64="+jpK0LJpr/5PVlLPCvpShgdbKQ0="></latexit>

Effective charge:

Number of events per bin



COHERENT CEvNS Detectors 
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Nuclear 
Target

Mass
(kg) Exposure

Recoil 
threshold

(keVr)

CsI 14.6 308.1 (day) 6.5

LAr 750 4 (yr) 20

Current

Future
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DUNE+T2HK+COHERENT  
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LHC Searches
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Collider Searches for Case A & B

�15

pp ! Z 0 ! `+`� +X
<latexit sha1_base64="uH5fMOJhgQ52vVW0+XbMgbtYWnc=">AAACG3icbVDLSgMxFM34rPU16tJNsAhCscxUQZdFNy4r2Ad2piWT3mlDMzMhySil9D/c+CtuXCjiSnDh35g+FrX1wL0czrmX5J5AcKa04/xYS8srq2vrmY3s5tb2zq69t19VSSopVGjCE1kPiALOYqhopjnUhQQSBRxqQe965NceQCqWxHe6L8CPSCdmIaNEG6llF4XwJOt0NZEyecT3TU9IFgGeFT3gvJkf91Ocr7fsnFNwxsCLxJ2SHJqi3LK/vHZC0whiTTlRquE6QvsDIjWjHIZZL1UgCO2RDjQMjUkEyh+MbxviY6O0cZhIU7HGY3V2Y0AipfpRYCYjortq3huJ/3mNVIeX/oDFItUQ08lDYcqxTvAoKNxmEqjmfUMIlcz8FdMukYRqE2fWhODOn7xIqsWCe1Zwbs9zpatpHBl0iI7QCXLRBSqhG1RGFUTRE3pBb+jderZerQ/rczK6ZE13DtAfWN+/6emhRQ==</latexit>

Case A and B : ` = µ
<latexit sha1_base64="97VAnwdWhvdJxb/E8ohSWao50eg=">AAACEXicbVDLSgMxFM3UV62vUZdugkXoqsyooFiE2m5cVrAP6Awlk0nb0CQzJBmhDP0FN/6KGxeKuHXnzr8xbWehrQcSDufce5N7gphRpR3n28qtrK6tb+Q3C1vbO7t79v5BS0WJxKSJIxbJToAUYVSQpqaakU4sCeIBI+1gVJ/67QciFY3EvR7HxOdoIGifYqSN1LNLnuRp3QzwKvDGqyARQsNqV+b2KhPoEcbgNfR40rOLTtmZAS4TNyNFkKHRs7+8MMIJJ0JjhpTquk6s/RRJTTEjk4KXKBIjPEID0jVUIE6Un842msATo4SwH0lzhIYz9XdHirhSYx6YSo70UC16U/E/r5vo/qWfUhEnmgg8f6ifMKgjOI0HhlQSrNnYEIQlNX+FeIgkwtqEWDAhuIsrL5PWadk9Kzt358VqLYsjD47AMSgBF1yAKrgFDdAEGDyCZ/AK3qwn68V6tz7mpTkr6zkEf2B9/gBJC5rD</latexit>

ATLAS provides di-lepton searches at √ s = 13 TeV with 139 fb^-1 integrated luminosity 
in the mass range (250 GeV , 6 TeV)

pµT > 30 GeV
<latexit sha1_base64="sLxmAAmyFb79lMM4Pl3699FJvzQ=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmsoCsputBlhb6giWEynbRDZyZhZiKUEHDjr7hxoYhbf8Kdf+P0sdDWAxcO59zLvfeECaNKO863VVhaXlldK66XNja3tnfs3b2WilOJSRPHLJadECnCqCBNTTUjnUQSxENG2uHweuy3H4hUNBYNPUqIz1Ff0IhipI0U2AfJfebxNA8a8BJWHQ9mnuTwhrRyGNhlp+JMABeJOyNlMEM9sL+8XoxTToTGDCnVdZ1E+xmSmmJG8pKXKpIgPER90jVUIE6Un01+yOGxUXowiqUpoeFE/T2RIa7UiIemkyM9UPPeWPzP66Y6uvAzKpJUE4Gni6KUQR3DcSCwRyXBmo0MQVhScyvEAyQR1ia2kgnBnX95kbROK2614tydlWtXsziK4BAcgRPggnNQA7egDpoAg0fwDF7Bm/VkvVjv1se0tWDNZvbBH1ifP6f/ljo=</latexit>

|⌘µ| < 2.5
<latexit sha1_base64="PLngkKCkrFLANx7H2Dk7CTBnNRc=">AAAB+3icbVC7TsMwFHV4lvIKZWSxqJCYoqSAYGCoYGEsEn1ITRQ5rtNatZ3IdhBV2l9hYQAhVn6Ejb/BbTNAy5GudHTOvbr3nihlVGnX/bZWVtfWNzZLW+Xtnd29ffug0lJJJjFp4oQlshMhRRgVpKmpZqSTSoJ4xEg7Gt5O/fYjkYom4kGPUhJw1Bc0phhpI4V2ZQx9olHo8wyO4TWsORehXXUddwa4TLyCVEGBRmh/+b0EZ5wIjRlSquu5qQ5yJDXFjEzKfqZIivAQ9UnXUIE4UUE+u30CT4zSg3EiTQkNZ+rviRxxpUY8Mp0c6YFa9Kbif1430/FVkFORZpoIPF8UZwzqBE6DgD0qCdZsZAjCkppbIR4gibA2cZVNCN7iy8ukVXO8M8e9P6/Wb4o4SuAIHINT4IFLUAd3oAGaAIMn8AxewZs1sV6sd+tj3rpiFTOH4A+szx+i6JLd</latexit>

m`` > MZ0 � 2�Z0
<latexit sha1_base64="oGzw/nyyX0WZj2nVreKiY+GYS84=">AAACGnicbVDLSgNBEJyNrxhfqx69DAbBi2E3CnqSoAe9CBHMA7NxmZ10kiEzu8vMrBCWfIcXf8WLB0W8iRf/xsnjEBMLGoqqbrq7gpgzpR3nx8osLC4tr2RXc2vrG5tb9vZOVUWJpFChEY9kPSAKOAuhopnmUI8lEBFwqAW9y6FfewSpWBTe6X4MTUE6IWszSrSRfNsVfuoB58Ma4HN846f3D14smYABPsJF7F0RIciU6tt5p+CMgOeJOyF5NEHZt7+8VkQTAaGmnCjVcJ1YN1MiNaMcBjkvURAT2iMdaBgaEgGqmY5eG+ADo7RwO5KmQo1H6vRESoRSfRGYTkF0V816Q/E/r5Ho9lkzZWGcaAjpeFE74VhHeJgTbjEJVPO+IYRKZm7FtEskodqkmTMhuLMvz5NqseAeF5zbk3zpYhJHFu2hfXSIXHSKSugalVEFUfSEXtAbereerVfrw/oct2asycwu+gPr+xdJvqBm</latexit>

fiducial region



HL-LHC Projection for Case A & B
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We estimate the sensitivity reach at HL-LHC with 3000 fb^-1 integrated luminosity.

Selection rules:

pµ1

T > 22 GeV
<latexit sha1_base64="K/Y3RZBI+zAJ5K8QWrdvyG5mL3E=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmqoCBI0YUuK/QhNDFMppN26MwkzEyEEgJu/BU3LhRx60+482+cPhbaeuDC4Zx7ufeeMGFUacf5tgoLi0vLK8XV0tr6xuaWvb3TUnEqMWnimMXyLkSKMCpIU1PNyF0iCeIhI+1wcDXy2w9EKhqLhh4mxOeoJ2hEMdJGCuy95D7zeBq4edCAF7Ba9c49ybNr0soDu+xUnDHgPHGnpAymqAf2l9eNccqJ0JghpTquk2g/Q1JTzEhe8lJFEoQHqEc6hgrEifKz8Q85PDRKF0axNCU0HKu/JzLElRry0HRypPtq1huJ/3mdVEdnfkZFkmoi8GRRlDKoYzgKBHapJFizoSEIS2puhbiPJMLaxFYyIbizL8+TVrXiHlec25Ny7XIaRxHsgwNwBFxwCmrgBtRBE2DwCJ7BK3iznqwX6936mLQWrOnMLvgD6/MHTEOWpg==</latexit>

pµ2

T > 10 GeV
<latexit sha1_base64="OLNWon90rl+xpzURnTfIrsPpeVQ=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmqoCBI0YUuK/QhNDFMppN26MwkzEyEEgJu/BU3LhRx60+482+cPhbaeuDC4Zx7ufeeMGFUacf5tgoLi0vLK8XV0tr6xuaWvb3TUnEqMWnimMXyLkSKMCpIU1PNyF0iCeIhI+1wcDXy2w9EKhqLhh4mxOeoJ2hEMdJGCuy95D7zeBpU86ABL6DreOee5Nk1aeWBXXYqzhhwnrhTUgZT1AP7y+vGOOVEaMyQUh3XSbSfIakpZiQveakiCcID1CMdQwXiRPnZ+IccHhqlC6NYmhIajtXfExniSg15aDo50n01643E/7xOqqMzP6MiSTUReLIoShnUMRwFArtUEqzZ0BCEJTW3QtxHEmFtYiuZENzZl+dJq1pxjyvO7Um5djmNowj2wQE4Ai44BTVwA+qgCTB4BM/gFbxZT9aL9W59TFoL1nRmF/yB9fkDSS6WpA==</latexit>

|⌘µ| < 2.4
<latexit sha1_base64="w+B0jRS7tvRz1X54EEjQLFj6PDQ=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwFZJa0IWLohuXFewDmhAm00k7dGYSZiaFkvZP3LhQxK1/4s6/cdpmoa0HLhzOuZd774lSRpV23W+rtLG5tb1T3q3s7R8cHtnHJ22VZBKTFk5YIrsRUoRRQVqaaka6qSSIR4x0otH93O+MiVQ0EU96kpKAo4GgMcVIGym07alPNAp9nk3hLaw59dCuuo67AFwnXkGqoEAztL/8foIzToTGDCnV89xUBzmSmmJGZhU/UyRFeIQGpGeoQJyoIF9cPoMXRunDOJGmhIYL9fdEjrhSEx6ZTo70UK16c/E/r5fp+CbIqUgzTQReLoozBnUC5zHAPpUEazYxBGFJza0QD5FEWJuwKiYEb/XlddKuOd6V4z7Wq427Io4yOAPn4BJ44Bo0wANoghbAYAyewSt4s3LrxXq3PpatJauYOQV/YH3+AO8Gkog=</latexit>

0.97 MZ0 < M(`+`�) < 1.03 MZ0
<latexit sha1_base64="XPtzdt2Hy7QXCCtYWmHSrXI/zXw=">AAACFnicbVBLSwMxGMzWV62vVY9egkWsSJesFarooejFS6GCfWBbSzbNtqHZB0lWKEt/hRf/ihcPingVb/4b04egrQMJw8x8JN84IWdSIfRlJObmFxaXksupldW19Q1zc6sig0gQWiYBD0TNwZJy5tOyYorTWigo9hxOq07vcuhX76mQLPBvVD+kTQ93fOYygpWWWmYWWaf5xlmxFd/uD+A5LGYalPO7w9GdPdCKbaHcT6BlppGFRoCzxJ6QNJig1DI/G+2ARB71FeFYyrqNQtWMsVCMcDpINSJJQ0x6uEPrmvrYo7IZj9YawD2ttKEbCH18BUfq74kYe1L2PUcnPay6ctobiv959Ui5J82Y+WGkqE/GD7kRhyqAw45gmwlKFO9rgolg+q+QdLHAROkmU7oEe3rlWVI5suycha6P04WLSR1JsAN2QQbYIA8K4AqUQBkQ8ACewAt4NR6NZ+PNeB9HE8ZkZhv8gfHxDa2vm1M=</latexit>

below 3 TeV

above 3 TeV3 TeV < M(`+`�) < 6 TeV
<latexit sha1_base64="EDQ7bIpjSBsBNI8EfmiN7Qbk9Uw=">AAACFnicbVDLSgMxFM3Ud32NunQTLEJFWmZUVNCF6MaNoGAf0Kklk97WYOZBckcsQ7/Cjb/ixoUibsWdf2M6dqHVAwmHc84lucePpdDoOJ9Wbmx8YnJqeiY/Oze/sGgvLVd1lCgOFR7JSNV9pkGKECooUEI9VsACX0LNvzkZ+LVbUFpE4SX2YmgGrBuKjuAMjdSyS9vegYdwh+klVPv0kJ4VPZDyajO7SxtG2TUJFWR+yy44ZScD/UvcISmQIc5b9ofXjngSQIhcMq0brhNjM2UKBZfQz3uJhpjxG9aFhqEhC0A302ytPl03Spt2ImVOiDRTf06kLNC6F/gmGTC81qPeQPzPayTY2W+mIowThJB/P9RJJMWIDjqibaGAo+wZwrgS5q+UXzPFOJom86YEd3Tlv6S6VXa3y87FTuHoeFjHNFkla6RIXLJHjsgpOScVwsk9eSTP5MV6sJ6sV+vtO5qzhjMr5Bes9y/bop1M</latexit>

Main background : DY, ttbar, tW, VV 



Collider Searches for Case C

�17

pp ! Z 0 ! `+`� +X
<latexit sha1_base64="uH5fMOJhgQ52vVW0+XbMgbtYWnc=">AAACG3icbVDLSgMxFM34rPU16tJNsAhCscxUQZdFNy4r2Ad2piWT3mlDMzMhySil9D/c+CtuXCjiSnDh35g+FrX1wL0czrmX5J5AcKa04/xYS8srq2vrmY3s5tb2zq69t19VSSopVGjCE1kPiALOYqhopjnUhQQSBRxqQe965NceQCqWxHe6L8CPSCdmIaNEG6llF4XwJOt0NZEyecT3TU9IFgGeFT3gvJkf91Ocr7fsnFNwxsCLxJ2SHJqi3LK/vHZC0whiTTlRquE6QvsDIjWjHIZZL1UgCO2RDjQMjUkEyh+MbxviY6O0cZhIU7HGY3V2Y0AipfpRYCYjortq3huJ/3mNVIeX/oDFItUQ08lDYcqxTvAoKNxmEqjmfUMIlcz8FdMukYRqE2fWhODOn7xIqsWCe1Zwbs9zpatpHBl0iI7QCXLRBSqhG1RGFUTRE3pBb+jderZerQ/rczK6ZE13DtAfWN+/6emhRQ==</latexit>

Case C : ` = ⌧
<latexit sha1_base64="H7j+4d7ds6LnyNxMoUWwobxRabI=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZlRQbEIxW5cVrAPaIaSSdM2NMkMSUYoQ5du/BU3LhRx6ye4829M21lo64ELh3PuTe49YcyZNp737eSWlldW1/LrhY3Nre0dd3evoaNEEVonEY9UK8SaciZp3TDDaStWFIuQ02Y4rE785gNVmkXy3oxiGgjcl6zHCDZW6riHSIm0ah9AZVi9gqiMymOIKOfwGiKDk45b9EreFHCR+Bkpggy1jvuFuhFJBJWGcKx12/diE6RYGUY4HRdQommMyRD3adtSiQXVQTo9ZAyPrdKFvUjZkgZO1d8TKRZaj0RoOwU2Az3vTcT/vHZiepdBymScGCrJ7KNewqGJ4CQV2GWKEsNHlmCimN0VkgFWmBibXcGG4M+fvEgapyX/rOTdnRcrN1kceXAAjsAJ8MEFqIBbUAN1QMAjeAav4M15cl6cd+dj1ppzspl98AfO5w/Xipfw</latexit>

ATLAS provides di-tau searches at √ s = 13 TeV with 36.1 fb^-1 integrated luminosity 
in the mass range (200 GeV , 4 TeV).

Combined three decay channels of di-tau

• semi-leptonic: ⌧e⌧h(23%), ⌧µ⌧h(23%)
<latexit sha1_base64="99WYS/i8ICrnE8SRm1rG3vQ+h80=">AAACEXicbVDLSgMxFM34rPU16tJNsBQqSJlpBV0W3bisYB/QGYZMmrahycyQh1CG/oIbf8WNC0XcunPn35hOZ1FbDyScnHMvN/eECaNSOc6Ptba+sbm1Xdgp7u7tHxzaR8dtGWuBSQvHLBbdEEnCaERaiipGuokgiIeMdMLx7czvPBIhaRw9qElCfI6GER1QjJSRArviKaQDkt2jSq3ulc8vYPbyuF5UA7vkVJ0McJW4OSmBHM3A/vb6MdacRAozJGXPdRLlp0goihmZFj0tSYLwGA1Jz9AIcSL9NNtoCstG6cNBLMyJFMzUxY4UcSknPDSVHKmRXPZm4n9eT6vBtZ/SKNGKRHg+aKAZVDGcxQP7VBCs2MQQhAU1f4V4hATCyoRYNCG4yyuvknat6tarzv1lqXGTx1EAp+AMVIALrkAD3IEmaAEMnsALeAPv1rP1an1Yn/PSNSvvOQF/YH39AnhBm34=</latexit>

• full-hadronic: ⌧h⌧h(42%)
<latexit sha1_base64="iv0SWQIEnbf6J8SlpJqgnIKFtp0=">AAAB+3icbVDLSsNAFJ34rPUV69LNYCnUTUlqQZdFNy4r2Ac0IUym03boZBJmbsQS+ituXCji1h9x5984bbPQ1gP3cjjnXubOCRPBNTjOt7WxubW9s1vYK+4fHB4d2yeljo5TRVmbxiJWvZBoJrhkbeAgWC9RjEShYN1wcjv3u49MaR7LB5gmzI/ISPIhpwSMFNglD0gajJe92qh7lYvALjs1ZwG8TtyclFGOVmB/eYOYphGTQAXRuu86CfgZUcCpYLOil2qWEDohI9Y3VJKIaT9b3D7DFaMM8DBWpiTghfp7IyOR1tMoNJMRgbFe9ebif14/heG1n3GZpMAkXT40TAWGGM+DwAOuGAUxNYRQxc2tmI6JIhRMXEUTgrv65XXSqdfcy5pz3yg3b/I4CugMnaMqctEVaqI71EJtRNETekav6M2aWS/Wu/WxHN2w8p1T9AfW5w+MCpNz</latexit>



HL-LHC Projection for Case C
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We estimate the sensitivity reach at HL-LHC with 3000 fb^-1 integrated luminosity in 
the mass range (20 GeV , 6 TeV).

Apply two different selection rules SR1 and SR2 for the mass of Z’ below and above 
the Z-pole, respectively.

• Main background for full-leptonic : DY, ttbar, WW 

We combined the relatively clean full-leptonic and semi-leptonic decay modes of taus

⌧e⌧µ(6%) , ⌧e⌧h(23%) , ⌧µ⌧h(23%)
<latexit sha1_base64="8CNxxLpNqIP29tUKx9Da8tHi9K4=">AAACKXicbZBdS8MwFIbT+TXnV9VLb4JjMGGMdhP1cuiNlxPcB6ylpFm6haVpSVJhjP0db/wr3igo6q1/xKyrMDcPJLw87zkk5/VjRqWyrE8jt7a+sbmV3y7s7O7tH5iHR20ZJQKTFo5YJLo+koRRTlqKKka6sSAo9Bnp+KObmd95IELSiN+rcUzcEA04DShGSiPPbDgKJR5JbydMyhdO6cypVBbosFyrzyH87Vrknlm0qlZacFXYmSiCrJqe+er0I5yEhCvMkJQ924qVO0FCUczItOAkksQIj9CA9LTkKCTSnaSbTmFJkz4MIqEPVzClixMTFEo5Dn3dGSI1lMveDP7n9RIVXLkTyuNEEY7nDwUJgyqCs9hgnwqCFRtrgbCg+q8QD5FAWOlwCzoEe3nlVdGuVe161bo7Lzauszjy4AScgjKwwSVogFvQBC2AwSN4Bm/g3XgyXowP42vemjOymWPwp4zvH6u4pF8=</latexit>

• Main background for semi-leptonic : DY, W+jets, QCD multijet (6% for μ+h, 28% for e+h).



Full-leptonic Channel
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Both SR1 and SR2 require

• Only one muon and one oppositely charged electron with pT > 20 GeV and |⌘| < 2.4,

• veto b-tagged jets,

• 0.2MZ0 < M⌧1⌧2 < 0.8MZ0 ,

• Mµ
T < 40GeV,

<latexit sha1_base64="KPzjQlYj6nI/YBvfvCS9o3jXlcQ="></latexit>

Mµ
T =

q
2Pµ

T · Emiss
T (1� cos��(µ, ~Emiss

T ))
<latexit sha1_base64="1DqmAzIvsV0mvQLceCy7f+TUVjc="></latexit>

SR1 further requires

• �R(⌧1, ⌧2) < �Rcut
<latexit sha1_base64="YRWxDSKXBFLTvuV7BhmlXlTp8SQ=">AAACIXicbVDLSgNBEJz1bXxFPXoZDEIECbtRMKAHUQ8eVUwiZMMyO+nEIbMPZnqEsORXvPgrXjwo4k38GScPRI0FTRdV3cx0hakUGl33w5manpmdm19YzC0tr6yu5dc3ajoxikOVJzJRtyHTIEUMVRQo4TZVwKJQQj3sng38+j0oLZL4BnspNCPWiUVbcIZWCvIVPzRSAvpHlPrnIJHR66KPzATe3rCVd+nxtxNkvooybrDfD/IFt+QOQSeJNyYFMsZlkH/3Wwk3EcTIJdO64bkpNjOmUHAJ/ZxvNKSMd1kHGpbGLALdzIYX9umOVVq0nShbMdKh+nMjY5HWvSi0kxHDO/3XG4j/eQ2D7UozE3FqEGI+eqhtJMWEDuKiLaGAo+xZwrgS9q+U3zHFONpQczYE7+/Jk6RWLnn7JffqoHByOo5jgWyRbVIkHjkkJ+SCXJIq4eSBPJEX8uo8Os/Om/M+Gp1yxjub5Beczy8VMqJE</latexit>

• cos��(⌧1, ⌧2) < �0.95 ,

• cos��(⌧1, ~ET ) + cos��(⌧2, ~ET ) > �0.1 ,

• Emiss
T > Emiss

T,cut
<latexit sha1_base64="ajrzOWF5BC+qRrekeKYBdgn1FQI="></latexit>

SR2 further requires

�Rcut andE
miss
T,cut are varied withMZ0

to optimize the significance
<latexit sha1_base64="x4xiV3x3ZWQ54Wvtl9+FuReaaCQ="></latexit>



Semi-leptonic Channel
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Both SR1 and SR2 require

SR1 further requires

• �R(⌧1, ⌧2) < �Rcut
<latexit sha1_base64="YRWxDSKXBFLTvuV7BhmlXlTp8SQ=">AAACIXicbVDLSgNBEJz1bXxFPXoZDEIECbtRMKAHUQ8eVUwiZMMyO+nEIbMPZnqEsORXvPgrXjwo4k38GScPRI0FTRdV3cx0hakUGl33w5manpmdm19YzC0tr6yu5dc3ajoxikOVJzJRtyHTIEUMVRQo4TZVwKJQQj3sng38+j0oLZL4BnspNCPWiUVbcIZWCvIVPzRSAvpHlPrnIJHR66KPzATe3rCVd+nxtxNkvooybrDfD/IFt+QOQSeJNyYFMsZlkH/3Wwk3EcTIJdO64bkpNjOmUHAJ/ZxvNKSMd1kHGpbGLALdzIYX9umOVVq0nShbMdKh+nMjY5HWvSi0kxHDO/3XG4j/eQ2D7UozE3FqEGI+eqhtJMWEDuKiLaGAo+xZwrgS9q+U3zHFONpQczYE7+/Jk6RWLnn7JffqoHByOo5jgWyRbVIkHjkkJ+SCXJIq4eSBPJEX8uo8Os/Om/M+Gp1yxjub5Beczy8VMqJE</latexit>

• cos��(⌧1, ⌧2) < �0.95 ,

• cos��(⌧1, ~ET ) + cos��(⌧2, ~ET ) > �0.1 ,

• Emiss
T > Emiss

T,cut
<latexit sha1_base64="ajrzOWF5BC+qRrekeKYBdgn1FQI="></latexit>

SR2 further requires

• Only one muon and at least one opposite-sign tau-tagged jet with pT > 20 GeV and |⌘| < 2.4,

• veto b-tagged jets,

• 0.3MZ0 < M⌧1⌧2 < 0.9MZ0 ,

• M `
T < 40GeV,

<latexit sha1_base64="1j7D/l1dgFWV+nvPPnU3WqFGaUs="></latexit>

�Rcut andE
miss
T,cut are varied withMZ0

to optimize the significance
<latexit sha1_base64="x4xiV3x3ZWQ54Wvtl9+FuReaaCQ="></latexit>



Results
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Conclusion
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• In Case A and B, neutrino oscillation and CEνNS experiments give the most stringent 
bounds for masses below the di-muon threshold. 

• In Case A and B, ATLAS di-muon searches give the strongest bounds in the mass range, 
250 GeV ≤ MZ′ ≤ 6 TeV. 

• The (g − 2)μ favored region is excluded by a combination of the experiments in the mass 
range considered. 

• In Case C, neutrino oscillation experiments set the strongest constraints up to 200 GeV. The 
LHC gives the strongest constraints for 200 GeV≤MZ′ ≤4 TeV 

Constraints from current data

• In Case A and B, neutrino oscillation and CEνNS experiments give the most stringent bounds for 
masses below the di-muon threshold. 

• We estimated the sensitivity of the high luminosity LHC with an integrated luminosity of 3 ab^-1 
and find the that the reach of the Z’  → ll channel is significantly improved in all of three scenarios.

• If the new gauge boson couples to first and second generation leptons, future CEνNS data can 
set stronger bounds than next-generation neutrino oscillation experiments in almost the entire 
mass range.

Future projections 

Thanks!
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