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Introduction

Several breaking patterns for SO(10) to SM

The gauge group SU(3)C × SU(2)L × U(1)R × U(1)B−L
may survive down to TeV scales, this is the “BLR” model

More popular is B − L model, U(1)Y × U(1)B−L

Both B − L and BLR offer Z ′, which we may compare at the LHC

Figure 13: Some possible candidate unified gauge groups.

decompose into multiplets of the SM gauge group SU(3)C×SU(2)L×U(1)Y as F = (dc, L),

corresponding to,

5 = (3,1, 1/3) ⊕ (1,2,−1/2), (9.2)

and T = (uc, Q, ec), corresponding to,

10 = (3,1,−2/3) ⊕ (3,2, 1/6) ⊕ (1,1, 1). (9.3)

Thus a complete quark and lepton SM family (Q,uc, dc, L, ec) is accommodated in the

F = 5 and T = 10 representations, with right-handed neutrinos, whose CP conjugates are

denoted as νc, being singlets of SU(5), νc = 1. The Higgs doublets Hu and Hd which break

electroweak symmetry in a two Higgs doublet model are contained in the SU(5) multiplets

H5 and H
5
.

The Yukawa couplings for one family of quarks and leptons are given by,

yuH5iTjkTlmϵijklm + yνH5iF
iνc + ydH

i
5
TijF

j , (9.4)

where ϵijklm is the totally antisymmetric tensor of SU(5) with i, j, j, k, l = 1, . . . , 5, which

decompose into the SM Yukawa couplings

yuHuQuc + yνHuLν
c + yd(HdQdc +Hde

cL). (9.5)

– 61 –

SU(5)⇥ U(1)�
<latexit sha1_base64="VO68fehqyON2p/JL/UvtSClNwUc=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksQnspiSh6LHrxWNG0hSaEzXbbLt18sLsRSsjFv+LFgyJe/Rne/Ddu2xy09cHA470ZZuYFCWdSWda3UVpZXVvfKG9WtrZ3dvfM/YO2jFNBqENiHotugCXlLKKOYorTbiIoDgNOO8H4Zup3HqmQLI4e1CShXoiHERswgpWWfPPo3qld1F3FQiqRU7PrfuaSEct9s2o1rBnQMrELUoUCLd/8cvsxSUMaKcKxlD3bSpSXYaEY4TSvuKmkCSZjPKQ9TSOsF3rZ7IEcnWqljwax0BUpNFN/T2Q4lHISBrozxGokF72p+J/XS9XgystYlKSKRmS+aJBypGI0TQP1maBE8YkmmAimb0VkhAUmSmdW0SHYiy8vk/ZZw7Ya9t15tXldxFGGYziBGthwCU24hRY4QCCHZ3iFN+PJeDHejY95a8koZg7hD4zPH5GzlRs=</latexit><latexit sha1_base64="VO68fehqyON2p/JL/UvtSClNwUc=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksQnspiSh6LHrxWNG0hSaEzXbbLt18sLsRSsjFv+LFgyJe/Rne/Ddu2xy09cHA470ZZuYFCWdSWda3UVpZXVvfKG9WtrZ3dvfM/YO2jFNBqENiHotugCXlLKKOYorTbiIoDgNOO8H4Zup3HqmQLI4e1CShXoiHERswgpWWfPPo3qld1F3FQiqRU7PrfuaSEct9s2o1rBnQMrELUoUCLd/8cvsxSUMaKcKxlD3bSpSXYaEY4TSvuKmkCSZjPKQ9TSOsF3rZ7IEcnWqljwax0BUpNFN/T2Q4lHISBrozxGokF72p+J/XS9XgystYlKSKRmS+aJBypGI0TQP1maBE8YkmmAimb0VkhAUmSmdW0SHYiy8vk/ZZw7Ya9t15tXldxFGGYziBGthwCU24hRY4QCCHZ3iFN+PJeDHejY95a8koZg7hD4zPH5GzlRs=</latexit><latexit sha1_base64="VO68fehqyON2p/JL/UvtSClNwUc=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksQnspiSh6LHrxWNG0hSaEzXbbLt18sLsRSsjFv+LFgyJe/Rne/Ddu2xy09cHA470ZZuYFCWdSWda3UVpZXVvfKG9WtrZ3dvfM/YO2jFNBqENiHotugCXlLKKOYorTbiIoDgNOO8H4Zup3HqmQLI4e1CShXoiHERswgpWWfPPo3qld1F3FQiqRU7PrfuaSEct9s2o1rBnQMrELUoUCLd/8cvsxSUMaKcKxlD3bSpSXYaEY4TSvuKmkCSZjPKQ9TSOsF3rZ7IEcnWqljwax0BUpNFN/T2Q4lHISBrozxGokF72p+J/XS9XgystYlKSKRmS+aJBypGI0TQP1maBE8YkmmAimb0VkhAUmSmdW0SHYiy8vk/ZZw7Ya9t15tXldxFGGYziBGthwCU24hRY4QCCHZ3iFN+PJeDHejY95a8koZg7hD4zPH5GzlRs=</latexit><latexit sha1_base64="VO68fehqyON2p/JL/UvtSClNwUc=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksQnspiSh6LHrxWNG0hSaEzXbbLt18sLsRSsjFv+LFgyJe/Rne/Ddu2xy09cHA470ZZuYFCWdSWda3UVpZXVvfKG9WtrZ3dvfM/YO2jFNBqENiHotugCXlLKKOYorTbiIoDgNOO8H4Zup3HqmQLI4e1CShXoiHERswgpWWfPPo3qld1F3FQiqRU7PrfuaSEct9s2o1rBnQMrELUoUCLd/8cvsxSUMaKcKxlD3bSpSXYaEY4TSvuKmkCSZjPKQ9TSOsF3rZ7IEcnWqljwax0BUpNFN/T2Q4lHISBrozxGokF72p+J/XS9XgystYlKSKRmS+aJBypGI0TQP1maBE8YkmmAimb0VkhAUmSmdW0SHYiy8vk/ZZw7Ya9t15tXldxFGGYziBGthwCU24hRY4QCCHZ3iFN+PJeDHejY95a8koZg7hD4zPH5GzlRs=</latexit>

SU(3)C ⇥ SU(2)L ⇥ U(1)Y ⇥ U(1)�
<latexit sha1_base64="GDAK98yRWocYtUlChyaYyoTqVTY=">AAACHnicbVDLTsJAFJ3iC/FVdelmIjGBDWlRo0siGxcuMFrAUNJMhylMmE6bmakJafgSN/6KGxcaY+JK/8YBukDwJJOcc+69uXOPHzMqlWX9GLmV1bX1jfxmYWt7Z3fP3D9oyigRmDg4YpFo+0gSRjlxFFWMtGNBUOgz0vKH9Um99UiEpBG/V6OYdEPU5zSgGClteeb5nVM6LXt1V9GQSKhVtezdwEw6JbvsPcyL1MUDOvbMolWxpoDLxM5IEWRoeOaX24twEhKuMENSdmwrVt0UCUUxI+OCm0gSIzxEfdLRlCO9sJtOzxvDE+30YBAJ/biCU3d+IkWhlKPQ150hUgO5WJuY/9U6iQouuynlcaIIx7NFQcKgiuAkK9ijgmDFRpogLKj+K8QDJBBWOtGCDsFePHmZNKsV26rYt2fF2lUWRx4cgWNQAja4ADVwDRrAARg8gRfwBt6NZ+PV+DA+Z605I5s5BH9gfP8Cgw+fqA==</latexit><latexit sha1_base64="GDAK98yRWocYtUlChyaYyoTqVTY=">AAACHnicbVDLTsJAFJ3iC/FVdelmIjGBDWlRo0siGxcuMFrAUNJMhylMmE6bmakJafgSN/6KGxcaY+JK/8YBukDwJJOcc+69uXOPHzMqlWX9GLmV1bX1jfxmYWt7Z3fP3D9oyigRmDg4YpFo+0gSRjlxFFWMtGNBUOgz0vKH9Um99UiEpBG/V6OYdEPU5zSgGClteeb5nVM6LXt1V9GQSKhVtezdwEw6JbvsPcyL1MUDOvbMolWxpoDLxM5IEWRoeOaX24twEhKuMENSdmwrVt0UCUUxI+OCm0gSIzxEfdLRlCO9sJtOzxvDE+30YBAJ/biCU3d+IkWhlKPQ150hUgO5WJuY/9U6iQouuynlcaIIx7NFQcKgiuAkK9ijgmDFRpogLKj+K8QDJBBWOtGCDsFePHmZNKsV26rYt2fF2lUWRx4cgWNQAja4ADVwDRrAARg8gRfwBt6NZ+PV+DA+Z605I5s5BH9gfP8Cgw+fqA==</latexit><latexit sha1_base64="GDAK98yRWocYtUlChyaYyoTqVTY=">AAACHnicbVDLTsJAFJ3iC/FVdelmIjGBDWlRo0siGxcuMFrAUNJMhylMmE6bmakJafgSN/6KGxcaY+JK/8YBukDwJJOcc+69uXOPHzMqlWX9GLmV1bX1jfxmYWt7Z3fP3D9oyigRmDg4YpFo+0gSRjlxFFWMtGNBUOgz0vKH9Um99UiEpBG/V6OYdEPU5zSgGClteeb5nVM6LXt1V9GQSKhVtezdwEw6JbvsPcyL1MUDOvbMolWxpoDLxM5IEWRoeOaX24twEhKuMENSdmwrVt0UCUUxI+OCm0gSIzxEfdLRlCO9sJtOzxvDE+30YBAJ/biCU3d+IkWhlKPQ150hUgO5WJuY/9U6iQouuynlcaIIx7NFQcKgiuAkK9ijgmDFRpogLKj+K8QDJBBWOtGCDsFePHmZNKsV26rYt2fF2lUWRx4cgWNQAja4ADVwDRrAARg8gRfwBt6NZ+PV+DA+Z605I5s5BH9gfP8Cgw+fqA==</latexit><latexit sha1_base64="GDAK98yRWocYtUlChyaYyoTqVTY=">AAACHnicbVDLTsJAFJ3iC/FVdelmIjGBDWlRo0siGxcuMFrAUNJMhylMmE6bmakJafgSN/6KGxcaY+JK/8YBukDwJJOcc+69uXOPHzMqlWX9GLmV1bX1jfxmYWt7Z3fP3D9oyigRmDg4YpFo+0gSRjlxFFWMtGNBUOgz0vKH9Um99UiEpBG/V6OYdEPU5zSgGClteeb5nVM6LXt1V9GQSKhVtezdwEw6JbvsPcyL1MUDOvbMolWxpoDLxM5IEWRoeOaX24twEhKuMENSdmwrVt0UCUUxI+OCm0gSIzxEfdLRlCO9sJtOzxvDE+30YBAJ/biCU3d+IkWhlKPQ150hUgO5WJuY/9U6iQouuynlcaIIx7NFQcKgiuAkK9ijgmDFRpogLKj+K8QDJBBWOtGCDsFePHmZNKsV26rYt2fF2lUWRx4cgWNQAja4ADVwDRrAARg8gRfwBt6NZ+PV+DA+Z605I5s5BH9gfP8Cgw+fqA==</latexit>

SU(3)C ⇥ SU(2)L ⇥ U(1)R ⇥ U(1)B�L
<latexit sha1_base64="YHiJRWvCwwJX9R6B4qEMM/HwOew=">AAACHXicbVDLTgIxFO34RHyNunTTSExgIZlBEl0S2LhggY8BEphMOqVAQ6czaTsmZMKPuPFX3LjQGBdujH9jgVkgeJIm55x7b27v8SNGpbKsH2NtfWNzazuzk93d2z84NI+OmzKMBSYODlko2j6ShFFOHEUVI+1IEBT4jLT8UW1abz0SIWnIH9Q4Im6ABpz2KUZKW55ZvnfylwWv1lU0IBJqVSp4dZhKJ28XvLtFkVQv6hPPzFlFawa4SuyU5ECKhmd+dXshjgPCFWZIyo5tRcpNkFAUMzLJdmNJIoRHaEA6mnKk97nJ7LoJPNdOD/ZDoR9XcOYuTiQokHIc+LozQGool2tT879aJ1b9azehPIoV4Xi+qB8zqEI4jQr2qCBYsbEmCAuq/wrxEAmElQ40q0Owl09eJc1S0baK9m05V6mmcWTAKTgDeWCDK1ABN6ABHIDBE3gBb+DdeDZejQ/jc966ZqQzJ+APjO9f/l2ewg==</latexit><latexit sha1_base64="YHiJRWvCwwJX9R6B4qEMM/HwOew=">AAACHXicbVDLTgIxFO34RHyNunTTSExgIZlBEl0S2LhggY8BEphMOqVAQ6czaTsmZMKPuPFX3LjQGBdujH9jgVkgeJIm55x7b27v8SNGpbKsH2NtfWNzazuzk93d2z84NI+OmzKMBSYODlko2j6ShFFOHEUVI+1IEBT4jLT8UW1abz0SIWnIH9Q4Im6ABpz2KUZKW55ZvnfylwWv1lU0IBJqVSp4dZhKJ28XvLtFkVQv6hPPzFlFawa4SuyU5ECKhmd+dXshjgPCFWZIyo5tRcpNkFAUMzLJdmNJIoRHaEA6mnKk97nJ7LoJPNdOD/ZDoR9XcOYuTiQokHIc+LozQGool2tT879aJ1b9azehPIoV4Xi+qB8zqEI4jQr2qCBYsbEmCAuq/wrxEAmElQ40q0Owl09eJc1S0baK9m05V6mmcWTAKTgDeWCDK1ABN6ABHIDBE3gBb+DdeDZejQ/jc966ZqQzJ+APjO9f/l2ewg==</latexit><latexit sha1_base64="YHiJRWvCwwJX9R6B4qEMM/HwOew=">AAACHXicbVDLTgIxFO34RHyNunTTSExgIZlBEl0S2LhggY8BEphMOqVAQ6czaTsmZMKPuPFX3LjQGBdujH9jgVkgeJIm55x7b27v8SNGpbKsH2NtfWNzazuzk93d2z84NI+OmzKMBSYODlko2j6ShFFOHEUVI+1IEBT4jLT8UW1abz0SIWnIH9Q4Im6ABpz2KUZKW55ZvnfylwWv1lU0IBJqVSp4dZhKJ28XvLtFkVQv6hPPzFlFawa4SuyU5ECKhmd+dXshjgPCFWZIyo5tRcpNkFAUMzLJdmNJIoRHaEA6mnKk97nJ7LoJPNdOD/ZDoR9XcOYuTiQokHIc+LozQGool2tT879aJ1b9azehPIoV4Xi+qB8zqEI4jQr2qCBYsbEmCAuq/wrxEAmElQ40q0Owl09eJc1S0baK9m05V6mmcWTAKTgDeWCDK1ABN6ABHIDBE3gBb+DdeDZejQ/jc966ZqQzJ+APjO9f/l2ewg==</latexit><latexit sha1_base64="YHiJRWvCwwJX9R6B4qEMM/HwOew=">AAACHXicbVDLTgIxFO34RHyNunTTSExgIZlBEl0S2LhggY8BEphMOqVAQ6czaTsmZMKPuPFX3LjQGBdujH9jgVkgeJIm55x7b27v8SNGpbKsH2NtfWNzazuzk93d2z84NI+OmzKMBSYODlko2j6ShFFOHEUVI+1IEBT4jLT8UW1abz0SIWnIH9Q4Im6ABpz2KUZKW55ZvnfylwWv1lU0IBJqVSp4dZhKJ28XvLtFkVQv6hPPzFlFawa4SuyU5ECKhmd+dXshjgPCFWZIyo5tRcpNkFAUMzLJdmNJIoRHaEA6mnKk97nJ7LoJPNdOD/ZDoR9XcOYuTiQokHIc+LozQGool2tT879aJ1b9azehPIoV4Xi+qB8zqEI4jQr2qCBYsbEmCAuq/wrxEAmElQ40q0Owl09eJc1S0baK9m05V6mmcWTAKTgDeWCDK1ABN6ABHIDBE3gBb+DdeDZejQ/jc966ZqQzJ+APjO9f/l2ewg==</latexit>

SU(3)C ⇥ SU(2)L ⇥ U(1)Y
<latexit sha1_base64="v5QzQU3xTHXtzyBEISWRRyreo/M=">AAACDHicbVC7TgJBFL2LL8QXamkzkZhAQ3bRREsijYUFRhcwsNnMDrMwYfaRmVkTsuEDbPwVGwuNsfUD7PwbB9hCwZNMcu459+bOPV7MmVSm+W3kVlbX1jfym4Wt7Z3dveL+QUtGiSDUJhGPRMfDknIWUlsxxWknFhQHHqdtb9SY+u0HKiSLwjs1jqkT4EHIfEaw0pJbLN3a5dOK2+gpFlCJdFWruNcoK+2yVXHvdZdZNWdAy8TKSAkyNN3iV68fkSSgoSIcS9m1zFg5KRaKEU4nhV4iaYzJCA9oV9MQ611OOjtmgk600kd+JPQLFZqpvydSHEg5DjzdGWA1lIveVPzP6ybKv3BSFsaJoiGZL/ITjlSEpsmgPhOUKD7WBBPB9F8RGWKBidL5FXQI1uLJy6RVq1pm1bo5K9UvszjycATHUAYLzqEOV9AEGwg8wjO8wpvxZLwY78bHvDVnZDOH8AfG5w9LbJiY</latexit><latexit sha1_base64="v5QzQU3xTHXtzyBEISWRRyreo/M=">AAACDHicbVC7TgJBFL2LL8QXamkzkZhAQ3bRREsijYUFRhcwsNnMDrMwYfaRmVkTsuEDbPwVGwuNsfUD7PwbB9hCwZNMcu459+bOPV7MmVSm+W3kVlbX1jfym4Wt7Z3dveL+QUtGiSDUJhGPRMfDknIWUlsxxWknFhQHHqdtb9SY+u0HKiSLwjs1jqkT4EHIfEaw0pJbLN3a5dOK2+gpFlCJdFWruNcoK+2yVXHvdZdZNWdAy8TKSAkyNN3iV68fkSSgoSIcS9m1zFg5KRaKEU4nhV4iaYzJCA9oV9MQ611OOjtmgk600kd+JPQLFZqpvydSHEg5DjzdGWA1lIveVPzP6ybKv3BSFsaJoiGZL/ITjlSEpsmgPhOUKD7WBBPB9F8RGWKBidL5FXQI1uLJy6RVq1pm1bo5K9UvszjycATHUAYLzqEOV9AEGwg8wjO8wpvxZLwY78bHvDVnZDOH8AfG5w9LbJiY</latexit><latexit sha1_base64="v5QzQU3xTHXtzyBEISWRRyreo/M=">AAACDHicbVC7TgJBFL2LL8QXamkzkZhAQ3bRREsijYUFRhcwsNnMDrMwYfaRmVkTsuEDbPwVGwuNsfUD7PwbB9hCwZNMcu459+bOPV7MmVSm+W3kVlbX1jfym4Wt7Z3dveL+QUtGiSDUJhGPRMfDknIWUlsxxWknFhQHHqdtb9SY+u0HKiSLwjs1jqkT4EHIfEaw0pJbLN3a5dOK2+gpFlCJdFWruNcoK+2yVXHvdZdZNWdAy8TKSAkyNN3iV68fkSSgoSIcS9m1zFg5KRaKEU4nhV4iaYzJCA9oV9MQ611OOjtmgk600kd+JPQLFZqpvydSHEg5DjzdGWA1lIveVPzP6ybKv3BSFsaJoiGZL/ITjlSEpsmgPhOUKD7WBBPB9F8RGWKBidL5FXQI1uLJy6RVq1pm1bo5K9UvszjycATHUAYLzqEOV9AEGwg8wjO8wpvxZLwY78bHvDVnZDOH8AfG5w9LbJiY</latexit><latexit sha1_base64="v5QzQU3xTHXtzyBEISWRRyreo/M=">AAACDHicbVC7TgJBFL2LL8QXamkzkZhAQ3bRREsijYUFRhcwsNnMDrMwYfaRmVkTsuEDbPwVGwuNsfUD7PwbB9hCwZNMcu459+bOPV7MmVSm+W3kVlbX1jfym4Wt7Z3dveL+QUtGiSDUJhGPRMfDknIWUlsxxWknFhQHHqdtb9SY+u0HKiSLwjs1jqkT4EHIfEaw0pJbLN3a5dOK2+gpFlCJdFWruNcoK+2yVXHvdZdZNWdAy8TKSAkyNN3iV68fkSSgoSIcS9m1zFg5KRaKEU4nhV4iaYzJCA9oV9MQ611OOjtmgk600kd+JPQLFZqpvydSHEg5DjzdGWA1lIveVPzP6ybKv3BSFsaJoiGZL/ITjlSEpsmgPhOUKD7WBBPB9F8RGWKBidL5FXQI1uLJy6RVq1pm1bo5K9UvszjycATHUAYLzqEOV9AEGwg8wjO8wpvxZLwY78bHvDVnZDOH8AfG5w9LbJiY</latexit>

MGUT
<latexit sha1_base64="pJMfIx9ODqRtJe87CJMNGJ/cHGM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRg16ECk1baEPZbKft0s0m7G6EEvojvHhQxKu/x5v/xm2bg7Y+GHi8N8PMvDARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDH0WSxi1Q6pRsEl+oYbge1EIY1Cga1wfDvzW0+oNI9lw0wSDCI6lHzAGTVWaj30sju/Me2VK27VnYOsEi8nFchR75W/uv2YpRFKwwTVuuO5iQkyqgxnAqelbqoxoWxMh9ixVNIIdZDNz52SM6v0ySBWtqQhc/X3REYjrSdRaDsjakZ62ZuJ/3md1Ayug4zLJDUo2WLRIBXExGT2O+lzhcyIiSWUKW5vJWxEFWXGJlSyIXjLL6+S5kXVc6ve42WldpPHUYQTOIVz8OAKanAPdfCBwRie4RXenMR5cd6dj0VrwclnjuEPnM8f/cOPVA==</latexit><latexit sha1_base64="pJMfIx9ODqRtJe87CJMNGJ/cHGM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRg16ECk1baEPZbKft0s0m7G6EEvojvHhQxKu/x5v/xm2bg7Y+GHi8N8PMvDARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDH0WSxi1Q6pRsEl+oYbge1EIY1Cga1wfDvzW0+oNI9lw0wSDCI6lHzAGTVWaj30sju/Me2VK27VnYOsEi8nFchR75W/uv2YpRFKwwTVuuO5iQkyqgxnAqelbqoxoWxMh9ixVNIIdZDNz52SM6v0ySBWtqQhc/X3REYjrSdRaDsjakZ62ZuJ/3md1Ayug4zLJDUo2WLRIBXExGT2O+lzhcyIiSWUKW5vJWxEFWXGJlSyIXjLL6+S5kXVc6ve42WldpPHUYQTOIVz8OAKanAPdfCBwRie4RXenMR5cd6dj0VrwclnjuEPnM8f/cOPVA==</latexit><latexit sha1_base64="pJMfIx9ODqRtJe87CJMNGJ/cHGM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRg16ECk1baEPZbKft0s0m7G6EEvojvHhQxKu/x5v/xm2bg7Y+GHi8N8PMvDARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDH0WSxi1Q6pRsEl+oYbge1EIY1Cga1wfDvzW0+oNI9lw0wSDCI6lHzAGTVWaj30sju/Me2VK27VnYOsEi8nFchR75W/uv2YpRFKwwTVuuO5iQkyqgxnAqelbqoxoWxMh9ixVNIIdZDNz52SM6v0ySBWtqQhc/X3REYjrSdRaDsjakZ62ZuJ/3md1Ayug4zLJDUo2WLRIBXExGT2O+lzhcyIiSWUKW5vJWxEFWXGJlSyIXjLL6+S5kXVc6ve42WldpPHUYQTOIVz8OAKanAPdfCBwRie4RXenMR5cd6dj0VrwclnjuEPnM8f/cOPVA==</latexit><latexit sha1_base64="pJMfIx9ODqRtJe87CJMNGJ/cHGM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRg16ECk1baEPZbKft0s0m7G6EEvojvHhQxKu/x5v/xm2bg7Y+GHi8N8PMvDARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDH0WSxi1Q6pRsEl+oYbge1EIY1Cga1wfDvzW0+oNI9lw0wSDCI6lHzAGTVWaj30sju/Me2VK27VnYOsEi8nFchR75W/uv2YpRFKwwTVuuO5iQkyqgxnAqelbqoxoWxMh9ixVNIIdZDNz52SM6v0ySBWtqQhc/X3REYjrSdRaDsjakZ62ZuJ/3md1Ayug4zLJDUo2WLRIBXExGT2O+lzhcyIiSWUKW5vJWxEFWXGJlSyIXjLL6+S5kXVc6ve42WldpPHUYQTOIVz8OAKanAPdfCBwRie4RXenMR5cd6dj0VrwclnjuEPnM8f/cOPVA==</latexit>

MGUT
<latexit sha1_base64="pJMfIx9ODqRtJe87CJMNGJ/cHGM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRg16ECk1baEPZbKft0s0m7G6EEvojvHhQxKu/x5v/xm2bg7Y+GHi8N8PMvDARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDH0WSxi1Q6pRsEl+oYbge1EIY1Cga1wfDvzW0+oNI9lw0wSDCI6lHzAGTVWaj30sju/Me2VK27VnYOsEi8nFchR75W/uv2YpRFKwwTVuuO5iQkyqgxnAqelbqoxoWxMh9ixVNIIdZDNz52SM6v0ySBWtqQhc/X3REYjrSdRaDsjakZ62ZuJ/3md1Ayug4zLJDUo2WLRIBXExGT2O+lzhcyIiSWUKW5vJWxEFWXGJlSyIXjLL6+S5kXVc6ve42WldpPHUYQTOIVz8OAKanAPdfCBwRie4RXenMR5cd6dj0VrwclnjuEPnM8f/cOPVA==</latexit><latexit sha1_base64="pJMfIx9ODqRtJe87CJMNGJ/cHGM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRg16ECk1baEPZbKft0s0m7G6EEvojvHhQxKu/x5v/xm2bg7Y+GHi8N8PMvDARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDH0WSxi1Q6pRsEl+oYbge1EIY1Cga1wfDvzW0+oNI9lw0wSDCI6lHzAGTVWaj30sju/Me2VK27VnYOsEi8nFchR75W/uv2YpRFKwwTVuuO5iQkyqgxnAqelbqoxoWxMh9ixVNIIdZDNz52SM6v0ySBWtqQhc/X3REYjrSdRaDsjakZ62ZuJ/3md1Ayug4zLJDUo2WLRIBXExGT2O+lzhcyIiSWUKW5vJWxEFWXGJlSyIXjLL6+S5kXVc6ve42WldpPHUYQTOIVz8OAKanAPdfCBwRie4RXenMR5cd6dj0VrwclnjuEPnM8f/cOPVA==</latexit><latexit sha1_base64="pJMfIx9ODqRtJe87CJMNGJ/cHGM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRg16ECk1baEPZbKft0s0m7G6EEvojvHhQxKu/x5v/xm2bg7Y+GHi8N8PMvDARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDH0WSxi1Q6pRsEl+oYbge1EIY1Cga1wfDvzW0+oNI9lw0wSDCI6lHzAGTVWaj30sju/Me2VK27VnYOsEi8nFchR75W/uv2YpRFKwwTVuuO5iQkyqgxnAqelbqoxoWxMh9ixVNIIdZDNz52SM6v0ySBWtqQhc/X3REYjrSdRaDsjakZ62ZuJ/3md1Ayug4zLJDUo2WLRIBXExGT2O+lzhcyIiSWUKW5vJWxEFWXGJlSyIXjLL6+S5kXVc6ve42WldpPHUYQTOIVz8OAKanAPdfCBwRie4RXenMR5cd6dj0VrwclnjuEPnM8f/cOPVA==</latexit><latexit sha1_base64="pJMfIx9ODqRtJe87CJMNGJ/cHGM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRg16ECk1baEPZbKft0s0m7G6EEvojvHhQxKu/x5v/xm2bg7Y+GHi8N8PMvDARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDH0WSxi1Q6pRsEl+oYbge1EIY1Cga1wfDvzW0+oNI9lw0wSDCI6lHzAGTVWaj30sju/Me2VK27VnYOsEi8nFchR75W/uv2YpRFKwwTVuuO5iQkyqgxnAqelbqoxoWxMh9ixVNIIdZDNz52SM6v0ySBWtqQhc/X3REYjrSdRaDsjakZ62ZuJ/3md1Ayug4zLJDUo2WLRIBXExGT2O+lzhcyIiSWUKW5vJWxEFWXGJlSyIXjLL6+S5kXVc6ve42WldpPHUYQTOIVz8OAKanAPdfCBwRie4RXenMR5cd6dj0VrwclnjuEPnM8f/cOPVA==</latexit>

⇠ TeV
<latexit sha1_base64="ZRiKNNDaLSWVGVThuphck2skwUo=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jFCXpAsYXbSmwyZmV1nZoUQ8hNePCji1d/x5t84SfagiQUNRVU33V1RKrixvv/tra1vbG5tF3aKu3v7B4elo+OmSTLNsMESkeh2RA0KrrBhuRXYTjVSGQlsRaO7md96Qm14oup2nGIo6UDxmDNqndTuGi5JHZu9Utmv+HOQVRLkpAw5ar3SV7efsEyiskxQYzqBn9pwQrXlTOC02M0MppSN6AA7jioq0YST+b1Tcu6UPokT7UpZMld/T0yoNGYsI9cpqR2aZW8m/ud1MhvfhBOu0syiYotFcSaITcjsedLnGpkVY0co09zdStiQasqsi6joQgiWX14lzctK4FeCh6ty9TaPowCncAYXEMA1VOEeatAABgKe4RXevEfvxXv3Phata14+cwJ/4H3+AIa+j54=</latexit><latexit sha1_base64="ZRiKNNDaLSWVGVThuphck2skwUo=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jFCXpAsYXbSmwyZmV1nZoUQ8hNePCji1d/x5t84SfagiQUNRVU33V1RKrixvv/tra1vbG5tF3aKu3v7B4elo+OmSTLNsMESkeh2RA0KrrBhuRXYTjVSGQlsRaO7md96Qm14oup2nGIo6UDxmDNqndTuGi5JHZu9Utmv+HOQVRLkpAw5ar3SV7efsEyiskxQYzqBn9pwQrXlTOC02M0MppSN6AA7jioq0YST+b1Tcu6UPokT7UpZMld/T0yoNGYsI9cpqR2aZW8m/ud1MhvfhBOu0syiYotFcSaITcjsedLnGpkVY0co09zdStiQasqsi6joQgiWX14lzctK4FeCh6ty9TaPowCncAYXEMA1VOEeatAABgKe4RXevEfvxXv3Phata14+cwJ/4H3+AIa+j54=</latexit><latexit sha1_base64="ZRiKNNDaLSWVGVThuphck2skwUo=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jFCXpAsYXbSmwyZmV1nZoUQ8hNePCji1d/x5t84SfagiQUNRVU33V1RKrixvv/tra1vbG5tF3aKu3v7B4elo+OmSTLNsMESkeh2RA0KrrBhuRXYTjVSGQlsRaO7md96Qm14oup2nGIo6UDxmDNqndTuGi5JHZu9Utmv+HOQVRLkpAw5ar3SV7efsEyiskxQYzqBn9pwQrXlTOC02M0MppSN6AA7jioq0YST+b1Tcu6UPokT7UpZMld/T0yoNGYsI9cpqR2aZW8m/ud1MhvfhBOu0syiYotFcSaITcjsedLnGpkVY0co09zdStiQasqsi6joQgiWX14lzctK4FeCh6ty9TaPowCncAYXEMA1VOEeatAABgKe4RXevEfvxXv3Phata14+cwJ/4H3+AIa+j54=</latexit><latexit sha1_base64="ZRiKNNDaLSWVGVThuphck2skwUo=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jFCXpAsYXbSmwyZmV1nZoUQ8hNePCji1d/x5t84SfagiQUNRVU33V1RKrixvv/tra1vbG5tF3aKu3v7B4elo+OmSTLNsMESkeh2RA0KrrBhuRXYTjVSGQlsRaO7md96Qm14oup2nGIo6UDxmDNqndTuGi5JHZu9Utmv+HOQVRLkpAw5ar3SV7efsEyiskxQYzqBn9pwQrXlTOC02M0MppSN6AA7jioq0YST+b1Tcu6UPokT7UpZMld/T0yoNGYsI9cpqR2aZW8m/ud1MhvfhBOu0syiYotFcSaITcjsedLnGpkVY0co09zdStiQasqsi6joQgiWX14lzctK4FeCh6ty9TaPowCncAYXEMA1VOEeatAABgKe4RXevEfvxXv3Phata14+cwJ/4H3+AIa+j54=</latexit>

⌘<latexit sha1_base64="dPavJRm3dmgrNgQtiQ+CpDGFxio=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+wFtKJvtpF272Y27m0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU1DJVFBtUcqnaIdHImcCGYYZjO1FI4pBjKxzdzvzWGJVmUjyYSYJBTAaCRYwSY6VmF59SNu6VK17Vm8NdJX5OKpCj3it/dfuSpjEKQznRuuN7iQkyogyjHKelbqoxIXREBtixVJAYdZDNr526Z1bpu5FUtoRx5+rviYzEWk/i0HbGxAz1sjcT//M6qYmug4yJJDUo6GJRlHLXSHf2uttnCqnhE0sIVcze6tIhUYQaG1DJhuAvv7xKmhdV36v695eV2k0eRxFO4BTOwYcrqMEd1KEBFB7hGV7hzZHOi/PufCxaC04+cwx/4Hz+AMI7jzw=</latexit><latexit sha1_base64="dPavJRm3dmgrNgQtiQ+CpDGFxio=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+wFtKJvtpF272Y27m0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU1DJVFBtUcqnaIdHImcCGYYZjO1FI4pBjKxzdzvzWGJVmUjyYSYJBTAaCRYwSY6VmF59SNu6VK17Vm8NdJX5OKpCj3it/dfuSpjEKQznRuuN7iQkyogyjHKelbqoxIXREBtixVJAYdZDNr526Z1bpu5FUtoRx5+rviYzEWk/i0HbGxAz1sjcT//M6qYmug4yJJDUo6GJRlHLXSHf2uttnCqnhE0sIVcze6tIhUYQaG1DJhuAvv7xKmhdV36v695eV2k0eRxFO4BTOwYcrqMEd1KEBFB7hGV7hzZHOi/PufCxaC04+cwx/4Hz+AMI7jzw=</latexit><latexit sha1_base64="dPavJRm3dmgrNgQtiQ+CpDGFxio=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+wFtKJvtpF272Y27m0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU1DJVFBtUcqnaIdHImcCGYYZjO1FI4pBjKxzdzvzWGJVmUjyYSYJBTAaCRYwSY6VmF59SNu6VK17Vm8NdJX5OKpCj3it/dfuSpjEKQznRuuN7iQkyogyjHKelbqoxIXREBtixVJAYdZDNr526Z1bpu5FUtoRx5+rviYzEWk/i0HbGxAz1sjcT//M6qYmug4yJJDUo6GJRlHLXSHf2uttnCqnhE0sIVcze6tIhUYQaG1DJhuAvv7xKmhdV36v695eV2k0eRxFO4BTOwYcrqMEd1KEBFB7hGV7hzZHOi/PufCxaC04+cwx/4Hz+AMI7jzw=</latexit><latexit sha1_base64="dPavJRm3dmgrNgQtiQ+CpDGFxio=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+wFtKJvtpF272Y27m0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU1DJVFBtUcqnaIdHImcCGYYZjO1FI4pBjKxzdzvzWGJVmUjyYSYJBTAaCRYwSY6VmF59SNu6VK17Vm8NdJX5OKpCj3it/dfuSpjEKQznRuuN7iQkyogyjHKelbqoxIXREBtixVJAYdZDNr526Z1bpu5FUtoRx5+rviYzEWk/i0HbGxAz1sjcT//M6qYmug4yJJDUo6GJRlHLXSHf2uttnCqnhE0sIVcze6tIhUYQaG1DJhuAvv7xKmhdV36v695eV2k0eRxFO4BTOwYcrqMEd1KEBFB7hGV7hzZHOi/PufCxaC04+cwx/4Hz+AMI7jzw=</latexit>

?
⇓

SU(3)c × SU(2)L × U(1)Y × U(1)B−L

Simon J.D. King SO(10) at the LHC 19 December, 2019 2 / 14



U(1)B−L Review

Gauge group, GBL ≡ SU(3)c × SU(2)L × U(1)Y × U(1)B−L

Cannot be embedded into any known GUT theory

Particle content: MSSM and in addition,

Chiral Superfield Spin 0 Spin 1/2 GB−L

RH Sneutrinos / Neutrinos (x3) ν̂ ν̃∗R ν̄R (1, 1, 0, 1
2)

Bileptons/Bileptinos η̂ η η̃ (1, 1, 0, -1)
ˆ̄η η̄ ˜̄η (1, 1, 0, 1)

Vector Superfields Spin 1/2 Spin 1 GB−L

BLino / B’ boson B̃′0 B′0 (1 1, 0, 0)

However, Z ′ will not interact with the 2HDM sector, as the Higgs
have B − L = 0

Type-I see-saw explains light neutrino mass
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BLR Review

SO(10)→ SU(3)c × SU(2)L × U(1)R × U(1)B−L

At TeV scale, U(1)R × U(1)B−L → U(1)Y , broken by new Higgs χ1,2
R

Particle T3L T3R TB−L Y = T3R + TB−L Q = T3L + Y

νR 0 +1/2 -1/2 0 0
χ1
R 0 -1/2 +1/2 0 0
χ2
R 0 +1/2 -1/2 0 0
S 0 0 0 0 0

H


Hu =

(
φ+
u

φ0
u

)
L

Hd =

(
φ0
d

φ−d

)
L

+1/2 +1/2 0 +1/2 +1

-1/2 +1/2 0 +1/2 0

+1/2 -1/2 0 -1/2 0

-1/2 -1/2 0 -1/2 -1

Non-SUSY BLR content

Z ′ will interact with 2HDM, as it is charged under T3R

Light neutrino mass explained by linear see-saw mechanism, require
additional SM singlets S, which do not affect phenomenology
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Renormalisation Group Equations - BLR

Multiple scales: BLR breaking and separated SUSY scale

α−1
1 = 3

5α
−1
R + 2

5α
−1
BL

αY (MZ) = 1/98.4 Experimentally measured
= 1/102.4 BLR Predicted∗

dg

dt
=

bg3

(4π)2

β-function
coefficient Q < vSUSY Q > vSUSY

b2 -19/6 +1
b3 -7 -3

Q < vR
b1 41/10

β-function
coefficient vR < Q < vSUSY Q > vSUSY

bR 13/3 15/2
bBL 17/4 27/4
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Q

α
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BLR
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α
R
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αBL
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-1

α3
-1

∗One-loop β functions, no threshold corrections, gauge-kinetic mixing included
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BLR at the LHC - Z’ Higgs

Z’ coupling to 2HDM

LZ′,scalars = (DµΦ1)†(DµΦ1) + (DµΦ̃2)†(DµΦ̃2)

Dµ = ∂µ − i gY
sBLcBL

(T3R − s2
BL

Y
2 )

Vertex gZ′S1S2

Z ′H0A0 −gR cos θB−L sin(β − α)

2

Z ′h0A0 gR cos θB−L cos(β − α)

2

Z ′H+H− -i
gR cos θB−L

2

The Feynman rule for the vertex is given by (gZ′S1S2)(p+ p′)µ
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BLR at the LHC - Z’ Fermions

Z’ coupling to fermions from U(1)R × U(1)B−L → U(1)Y

These two groups mix to produce SM hypercharge gauge boson and a
massive Z’. The coupling of fermions to Z’ is †

−LZ′BLR = Z ′µf̄γ
µgY (cot θBLT3R − tan θBLTB−L) f

May write this in terms of vector (L+R) and axial (L-R) couplings

−LZ′ = Z ′µf̄γ
µ 1

2
(ḡfV − ḡ

f
Aγ

5)f

Couplings determined using the SARAH program to calculate vertices

Model Gauge Coupling ḡuV ḡuA ḡdV ḡdA ḡeV ḡeA ḡνV ḡνA
B − L gBL=0.592 0.197 0 0.197 0 -0.592 0 -0.296 -0.296
BLR gR = 0.448, -0.0103 -0.135 -0.279 0.135 0.300 0.135 0.217 0.217

gBL = 0.459 ˙

†For this talk, we neglect gauge-kinetic mixing, but all numerical results take this
into account
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Drell-Yan
The most promising channel to search for Z’s at the LHC is Drell-Yan
production, pp→ γ, Z, Z ′ → e+e−, µ+µ−

In this work, we include interference
[S = (pp→ γ, Z, Z ′ → e+e−, µ+µ−)− (pp→ Z, γ → e+e−, µ+µ−)]
and finite width effects †

†Same code used as in 1504.01761
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Drell-Yan Results - I

Set Z’ mass using 2σ significance → MZ′ & 4350GeV (current limit)
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α

Model = BLR

pp → Z' → e+e- / μ+μ- @NNLO

s = 13 TeV

MZ' =4350 GeV

Lum = 139 fb-1

α =
S

S+B
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Drell-Yan Results - II

During the HL-LHC, this Z’ may be easily seen!

3800 4000 4200 4400 4600 4800
0

2

4

6

8
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Mℓℓ [GeV]

α

Model = BLR

pp → Z' → e+e- / μ+μ- @NNLO

s = 13 TeV

MZ' =4350 GeV

Lum = 3000 fb-1

α =
S

S+B
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Drell-Yan Results - III

Final mass exclusion at 2σ from HL-LHC is MZ′ & 5.6 TeV

5200 5400 5600 5800 6000 6200
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α

Model = BLR

pp → Z' → e
+
e
- / μ+μ- @NNLO

s = 13 TeV

MZ' =5650 GeV

Lum = 3000 fb
-1

α =
S

S+B
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Drell-Yan & AFB

If a Z ′ is discovered, one needs to differentiate to which model it
belongs

To characterise different models, one may measure the
Forward-Backward Asymmetry, which varies depending on the specific
vector and axial couplings

AFB ≡
dσ̂F − dσ̂B
dσ̂F + dσ̂B

, dσ̂F,B =

∫ 1,0

0,−1

dσ̂

d cos θ
d cos θ
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AFB Results

The purely vector-like couplings for the B − L model allows one to
distinguish it from the BLR in the continuous case
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AFB Results
At HL-LHC, including statistical errors, δAFB =

√
1−A2

FB/N ,

one may be able to disentangle B − L and BLR models
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Higgs Results
Exotic Z’ decays in the BLR to Higgses may not only differentiate
models, but also, the Z’ acts as a portal to the 2HDM!
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Conclusions

The BLR is a well motivated model, with motivations from GUT
theories

Low scale phenomenology of Z’ is an interesting way to probe
different high-scale models

Identifying which model a Z’ belongs to may become an important
task in the near future, as candidates undetectable now offer clear
signals in the next runs of the LHC
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Backup Slides - β functions

dgR
dt

=
1

(4π)2

15g3
R

2
, (1)

dg̃

dt
=

1

(4π)2

[(
27

4
g2
BL −

√
3

2
gBLg̃ +

15

2
g̃2

)
g̃ +

(
−
√

3

2
gBL + 15g̃

)
g2
R

]
,

(2)

dgBL
dt

=
1

(4π)2

(
27

4
g2
BL −

√
3

2
gBLg̃ +

15

2
g̃2

)
gBL. (3)
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Backup Slides - LHC Cuts

No rapidity cut on dilepton pair

NNLO in QCD calculating using WZPROD and CTEQ for pdfs

We include published acceptance × efficiency factors (A× ε)
CMS analysis uses dedicated cut on invariant mass
|Ml̄l −MZ′ | ≤ 0.05× ELHC to keep error in neglecting finite width
and interference effects below 10%

Including this effect we reproduce CMS limits within 1− 2%
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Backup Slides - Gauge-Kinetic Mixing

The kinetic sector for a gauge group U(1)1 × U(1)2 will have a mixed
term:

Lkin = −1

4
FA1
µν F

µν
A1
− 1

4
FA2
µν F

µν
A2
− κ

2
FA1
µν F

µν
A2

Lint = ψ̄fγµQ
1
fg1A

µ
1ψf + ψ̄fγµQ

2
fg2A

µ
2ψf

The mixed kinetic term may be rotated away:

Lkin = −1

4
FB1
µν F

µν
B1
− 1

4
FB2
µν F

µν
B2

Lint = ψ̄fγµ(g11Q
1
f + g21Q

2
f )Bµ

1ψf + ψ̄fγµ(g12Q
1
f + g22Q

2
f )Bµ

2ψf
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