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LRSM Left-Right symmetric model

<latexit sha1_base64="PEYD5EnZgyu6veD/17KHcXJaUXo="></latexit>

SU(3)c ⌦ SU(2)L ⌦ SU(2)R ⌦ U(1)B�L

<latexit sha1_base64="qPPKveews7hnZTOgEFyKGZgRdk8=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0Wom5A06WMlBTcuK5q20MYymU7aoZNJmJkIJfQj3LhQxK3f486/cfoQVPTAhcM593LvPUHCqFSW9WHk1tY3Nrfy24Wd3b39g+LhUVvGqcDEwzGLRTdAkjDKiaeoYqSbCIKigJFOMLmc+517IiSN+a2aJsSP0IjTkGKktNS58crO+Z0zKJYss1Ktu1UHalJ37UZDE8equLUqtE1rgRJYoTUovveHMU4jwhVmSMqebSXKz5BQFDMyK/RTSRKEJ2hEeppyFBHpZ4tzZ/BMK0MYxkIXV3Chfp/IUCTlNAp0Z4TUWP725uJfXi9VYcPPKE9SRTheLgpTBlUM57/DIRUEKzbVBGFB9a0Qj5FAWOmECjqEr0/h/6RdMe2aWbt2S82LVRx5cAJOQRnYoA6a4Aq0gAcwmIAH8ASejcR4NF6M12VrzljNHIMfMN4+ASZ2jtA=</latexit>

SU(3)3
<latexit sha1_base64="1hlM9688cZMOWITUDSg1+1daXSU="></latexit>

SU(4)c ⌦ SU(2)L ⌦ SU(2)R

Pati-Salam Trinification

minimal Left-Right

Symmetric fermions

<latexit sha1_base64="L3a6TrVQj4W7c0Dyk+FzpckkpB0="></latexit>

QL =

✓
3, 2, 1,

1

3

◆
, QR =

✓
3, 1, 2,

1

3

◆

LL =

✓
1, 2, 1,

1

3

◆
, LR =

✓
1, 1, 2,

1

3

◆

* alternative LR with additional vector-like states

Mohapatra, Pati ’75 
Senjanović, Mohapatra ‘75

<latexit sha1_base64="uNTN72HYD2Js58oWmUckaeelWEU="></latexit>

Q = T3L + T3R +
B � L

2

Ma ’87, …, Frank, Fuks et al. ‘23



LRSM Left-Right symmetric model
<latexit sha1_base64="Tbz/fgTPiE7ec+MFVpWKDcqk0Jo=">AAACCHicdVDJSgNBEO1xjXGLevRgYxAiyDCT/aIEvHiMYBbIDKGn05M06VnorhFCyNGLv+LFgyJe/QRv/o2dRVDRRxU83quiu54XC67Asj6MpeWV1bX11EZ6c2t7Zzezt99UUSIpa9BIRLLtEcUED1kDOAjWjiUjgSdYyxteTv3WLZOKR+ENjGLmBqQfcp9TAlrqZo6ceMDxOXYE8yFnn+H8rCzsSN4fwGk3k7XMfKlSLBWwJpWiXa1qUrDyxXIJ26Y1QxYtUO9m3p1eRJOAhUAFUapjWzG4YyKBU8EmaSdRLCZ0SPqso2lIAqbc8eyQCT7RSg/7kdQdAp6p3zfGJFBqFHh6MiAwUL+9qfiX10nAr7pjHsYJsJDOH/ITgSHC01Rwj0tGQYw0IVRy/VdMB0QSCjq7tA7h61L8P2nmTbtslq+L2drFIo4UOkTHKIdsVEE1dIXqqIEoukMP6Ak9G/fGo/FivM5Hl4zFzgH6AePtEymPluk=</latexit>

� = (1, 2, 2, 0) bi-doubletSymmetric scalars

<latexit sha1_base64="t7hpD89sf6wdEo5FzmsJtdLvpK4="></latexit>

ω =

(
ω0→
1 ω+

2

ω↑
1 ω0

2

)
, →ω↑ =

(
v1 0
0 ↓eiωv2

)

<latexit sha1_base64="jXR+eySd82HhpMqiQdwii+wGUg8="></latexit>

v2 = v21 + v22 , 0 → tanω =
v2
v1

< 1EWSB



LRSM Left-Right symmetric model
<latexit sha1_base64="Tbz/fgTPiE7ec+MFVpWKDcqk0Jo=">AAACCHicdVDJSgNBEO1xjXGLevRgYxAiyDCT/aIEvHiMYBbIDKGn05M06VnorhFCyNGLv+LFgyJe/QRv/o2dRVDRRxU83quiu54XC67Asj6MpeWV1bX11EZ6c2t7Zzezt99UUSIpa9BIRLLtEcUED1kDOAjWjiUjgSdYyxteTv3WLZOKR+ENjGLmBqQfcp9TAlrqZo6ceMDxOXYE8yFnn+H8rCzsSN4fwGk3k7XMfKlSLBWwJpWiXa1qUrDyxXIJ26Y1QxYtUO9m3p1eRJOAhUAFUapjWzG4YyKBU8EmaSdRLCZ0SPqso2lIAqbc8eyQCT7RSg/7kdQdAp6p3zfGJFBqFHh6MiAwUL+9qfiX10nAr7pjHsYJsJDOH/ITgSHC01Rwj0tGQYw0IVRy/VdMB0QSCjq7tA7h61L8P2nmTbtslq+L2drFIo4UOkTHKIdsVEE1dIXqqIEoukMP6Ak9G/fGo/FivM5Hl4zFzgH6AePtEymPluk=</latexit>

� = (1, 2, 2, 0) bi-doubletSymmetric scalars

<latexit sha1_base64="t7hpD89sf6wdEo5FzmsJtdLvpK4="></latexit>

ω =

(
ω0→
1 ω+

2

ω↑
1 ω0

2

)
, →ω↑ =

(
v1 0
0 ↓eiωv2

)

<latexit sha1_base64="jXR+eySd82HhpMqiQdwii+wGUg8="></latexit>

v2 = v21 + v22 , 0 → tanω =
v2
v1

< 1EWSB

Dirac

Majorana

Doublets

Triplets

<latexit sha1_base64="xwznbDNl/ECeL7xWE1tsHPEGRuI="></latexit>

�L = (1, 2, 1, 1) , �R = (1, 1, 2, 1)

<latexit sha1_base64="JeoCqlQctuIgPQASNSHHwPCBYKA="></latexit>

�L = (1, 3, 1, 2) , �R = (1, 1, 3, 2)

<latexit sha1_base64="NiYGP9PwS7IUwzBHBNIvRCGMxpo=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0jS0tZbxYvHitYW2lA22027dLMJuxuhhIJ/wIsHRbz6i7z5b9x+CCr6YODx3gwz84KEM6Ud58PKrayurW/kNwtb2zu7e8X9g1sVp5LQFol5LDsBVpQzQVuaaU47iaQ4CjhtB+OLmd++o1KxWNzoSUL9CA8FCxnB2kjXPZH2iyXHrledmuchx66UK+Va2RDHM+QMubYzRwmWaPaL771BTNKICk04VqrrOon2Myw1I5xOC71U0QSTMR7SrqECR1T52fzUKToxygCFsTQlNJqr3ycyHCk1iQLTGWE9Ur+9mfiX1011WPczJpJUU0EWi8KUIx2j2d9owCQlmk8MwUQycysiIywx0Sadggnh61P0P7n1bLdqV68qpcb5/SKOPBzBMZyCCzVowCU0oQUEhvAAT/BscevRerFeF605axnhIfyA9fYJ8zKOqw==</latexit>⌫

this talk
<latexit sha1_base64="YHbGrG5nNyiTVjUCANCiTFDsuLI=">AAAB6nicdVDLSsNAFL3xWeur6tLNYBFchaTGtO4qblxWtA9oS5lMJ+3QySTMTIQSCv6AGxeKuPWL3Pk3Th+Cih64cDjnXu69J0g4U9pxPqyl5ZXVtfXcRn5za3tnt7C331BxKgmtk5jHshVgRTkTtK6Z5rSVSIqjgNNmMLqc+s07KhWLxa0eJ7Qb4YFgISNYG+mmI9JeoejYnu+flT3k2KWKV/LcKTk/db0Kcm1nhiIsUOsV3jv9mKQRFZpwrFTbdRLdzbDUjHA6yXdSRRNMRnhA24YKHFHVzWanTtCxUfoojKUpodFM/T6R4UipcRSYzgjrofrtTcW/vHaqw0o3YyJJNRVkvihMOdIxmv6N+kxSovnYEEwkM7ciMsQSE23SyZsQvj5F/5NGyXZ927/2itWL+3kcOTiEIzgBF8pQhSuoQR0IDOABnuDZ4taj9WK9zluXrEWEB/AD1tsn/B+OsQ==</latexit>⌫

<latexit sha1_base64="iLqJBML0rCQ38mF6rtPp4pcf0Kw="></latexit>

→!L,R↑ =
(

0 0
vL,R 0

)
, vL ↭ GeV , v = 174 GeV , vR ↫ TeV



LRSM Left-Right symmetric model

Yukawas

LR Parity

<latexit sha1_base64="gH0zByUiIuuEDZbiZKtp4U4RJZs="></latexit>

Q̄L

(
Yq ω+ Ỹq ω̃

)
QR , L̄L

(
Yω ω+ Ỹω ω̃

)
LR

Dirac Majorana
<latexit sha1_base64="CqPQS01wwroa/dRsJmYV3xefp+0="></latexit>

L̄c
Liω2!LY

M
L LL + L̄c

Riω2!RY
M
R LR

<latexit sha1_base64="xJutGqktgWEHr4VlSohWNOQhPC8="></latexit>

P : YD = Y †
D

C : YD = Y T
D

<latexit sha1_base64="jyil1myuubTVCOIsURXQ5/20kcA="></latexit>

P : Y M
L = Y R

L

C : Y M
L = Y M

R
†

Masses and mixings

<latexit sha1_base64="/DZocHFFNf9euFHM1zyM2CvLyDM="></latexit>

Mu = UuL mu U
†
uR , Md = UdL md U

†
dR

<latexit sha1_base64="0rev8Als/tLt+fBrAHlGFw8v6tY="></latexit>

P : VR → VL

<latexit sha1_base64="NlUvmfVgeoe/tHI4SR4w23jzUtU="></latexit>

C : VR = KuV
→
LKd

RH leptonic mixings are free

Maiezza, MN, Nesti, Senjanović ’10 
Senjanović, Tello ’14, ‘15

Maiezza et al. ’10

<latexit sha1_base64="XdOnfwqHEDunX78FN2EP80a5Zf8="></latexit>

MD = Yωv1 → Ỹωe
→iεv2 ,

Mω = →Yωe
iεv2 + Ỹωv1

* bound on
<latexit sha1_base64="SezXSf5hYrv7hGuDPQmF2i5brKM="></latexit>

tanω < 0.5
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<latexit sha1_base64="oxo0Uhi8dR68UkXXbwBjdY6Dhdw="></latexit>
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Maiezza, Nesti, Bertolini ’14 
Cirigliano, Dekens, de Vries, Mereghetti  ’16 

Dekens, Andreoli, de Vries, Mereghetti, Oosterhof  ‘21

An, Ji, Xu ’09 
Maiezza, MN ’16 

Haba, Umeeda, Yamada ’17, ’18, ’18 
Ramsey-Musolf, Vasquez ‘20

Di Luzio, Nesti, 
Bertolini ’20

Maiezza, MN ’16 Maiezza, Nesti, Bertolini ’19



Dirac vs. Majorana

Seesaw &  
LR parities

<latexit sha1_base64="/pXqhjayPViS7C/+0bRmLw21zwg="></latexit>

Mω → ML ↑MDMR
→1MD

T , MN → MR

<latexit sha1_base64="L6Naw5NxvSUeCLqoDNj9VOav3p8="></latexit>

C : MD = MN

√
vL
vR

I→MN
→1Mω MN, Senjanović, Tello ’12



Dirac vs. Majorana

Seesaw &  
LR parities

<latexit sha1_base64="/pXqhjayPViS7C/+0bRmLw21zwg="></latexit>

Mω → ML ↑MDMR
→1MD

T , MN → MR

Analytic solution via Cayley-Hamilton
<latexit sha1_base64="fHkfk93vMXo/z4V1S/B5yUPObD4="></latexit>

p(ωi) = 0 → p(A) = 0

     depend on three  
invariants of 

<latexit sha1_base64="jUfciDUNmMT0PRGD39/ndTCYmQs="></latexit>ci
<latexit sha1_base64="3boe+ZxAcwGVgy7muj8Zf7BJXgg="></latexit>

A

<latexit sha1_base64="oW1cryzTe1cc0PQb4yQXHm0RRnY="></latexit>→
A = c0 I+ c1 A+ c2 A.A , A ↑ C3→3

= ±
A2 +

(
T̃1/2 ↓ T 2

1/2

)
A↓

→
!T1/2 I

→
!↓ T1/2T̃1/2

Kriewald, MN, Nesti ’24

MN, Senjanović, Tello ’12

<latexit sha1_base64="L6Naw5NxvSUeCLqoDNj9VOav3p8="></latexit>

C : MD = MN

√
vL
vR

I→MN
→1Mω



Dirac vs. Majorana

Seesaw &  
LR parities

<latexit sha1_base64="/pXqhjayPViS7C/+0bRmLw21zwg="></latexit>

Mω → ML ↑MDMR
→1MD

T , MN → MR

Analytic solution via Cayley-Hamilton
<latexit sha1_base64="fHkfk93vMXo/z4V1S/B5yUPObD4="></latexit>

p(ωi) = 0 → p(A) = 0

     depend on three  
invariants of 

<latexit sha1_base64="jUfciDUNmMT0PRGD39/ndTCYmQs="></latexit>ci
<latexit sha1_base64="3boe+ZxAcwGVgy7muj8Zf7BJXgg="></latexit>

A

<latexit sha1_base64="DErIMkOVhQc63y/3s9APJygQD6Y="></latexit>

T = tr A ,

T2 = tr A.A ,

! = detA ,

<latexit sha1_base64="oW1cryzTe1cc0PQb4yQXHm0RRnY="></latexit>→
A = c0 I+ c1 A+ c2 A.A , A ↑ C3→3

= ±
A2 +

(
T̃1/2 ↓ T 2

1/2

)
A↓

→
!T1/2 I

→
!↓ T1/2T̃1/2

<latexit sha1_base64="z/kpLuMwcv+41NqFxF+JCQ+gOoU="></latexit>

ω3 = →32
(
5T 3 → 9TT2 → 54!

)
+ 96

√
3 (T 2 → 2T2) (T 2 → T2)

2 + 12T (9T2 → 5T 2)!+ 324!2 ,

ε2 = →16 3
↑
2T 2 + 48 3

↑
2T2 + 8T ω + 3

↑
4 ω2 ,

ϑ2± = 16 3
↑
2
(
T 2 → 3T2

)
+ ω

(
16T → 3

↑
4 ω ± 96

↑
6ε→1

√
!ω

)

<latexit sha1_base64="7Q8KvWDfVy7X3VcZgXOtzyPSNTA="></latexit>

T1/2 = tr
→
A =

±ωs + sε

2
→
6ϑ

, s = ± ,

T2,1/2 = tr
→
A.

→
A = T ,

!1/2 = det
→
A =

→
! ,

T̃1/2 =
1

2

(
T 2
1/2 ↑ T

)

Kriewald, MN, Nesti ’24

MN, Senjanović, Tello ’12

<latexit sha1_base64="L6Naw5NxvSUeCLqoDNj9VOav3p8="></latexit>

C : MD = MN

√
vL
vR

I→MN
→1Mω

   complicated
<latexit sha1_base64="Q51ihZPMv5eMvI8O4r7Srl+8QtY="></latexit>

P Senjanović, Tello ’16, ‘18 
Kiers2, Szynkman, Tarutina ‘23



Colliders, eEDM, 
        , X-rays,…

Oscillations, CnuB, 
cosmo, KATRIN, …

<latexit sha1_base64="SSOkF7bBCPMrsvnS2HE2KJUVC4o="></latexit>

MD = MN

√
vL
vR

I→MN
→1Mω

Colliders, wDM,
<latexit sha1_base64="kfsRbQDBdVtt6ZJYbPfip6UnN0Y="></latexit>

0ω2ε

Model file in FeynRules, UFOs at NLO
Kriewald, MN, Nesti ’24

https://sites.google.com/site/leftrighthep/1-lrsm-feynrules 
https://feynrules.irmp.ucl.ac.be/wiki/LRSM_NLO

<latexit sha1_base64="7rlFWieoEabMc7+ntpBw12dl004="></latexit>

0⌫2�

ATLAS

KamLAND-ZEN

XRISM

KATRIN

https://sites.google.com/site/leftrighthep/1-lrsm-feynrules
https://feynrules.irmp.ucl.ac.be/wiki/LRSM_NLO


LRSM model file complete FeynRules

physical input scheme: masses & mixings, quartics computed

gauge sector

expansion and decoupling with

charged and neutral would-be-Goldstones in L and R

<latexit sha1_base64="Co5GyAGH8TOkFgG8P/Xhl0fFY0s="></latexit>

MZLR

MWR

→

√
2c2w
c2w

(
1 +

ω2

8

c22w
c4w

)
→ 1.67

<latexit sha1_base64="9wAKsMR9JZy2E9+PdZ0D32cij74="></latexit>

Lkin → ↑i
∑

i=L,R

MWiW
→
i ωε+

i , Lgf → ↑
∑

i=L,R

1

ϑWi

F+
i F→

i , F+
i = ωW+

i + iϑWiMWiε
+
i

usual CKM with CPV

Kriewald, MN, Nesti ’24

<latexit sha1_base64="eH4jYUU+eOE9+f97rjMp/+bFl/g="></latexit>

ω =
v

vR

vR→↑→→→→↑ 0

RH PMNS free

allow for explicit parity breaking
<latexit sha1_base64="bHh+ItJf4e7eU2OCZ71TMYaLwjs="></latexit>gR
gL

⌘ ⇣ > tan ✓w ' 0.53

<latexit sha1_base64="Ygh6lJaIfFC70QkUEN/F87hPwGc="></latexit>

V CKM
L , VR = Ku V

CKM
R Kd

<latexit sha1_base64="ptAQfmJV8nuKwjWLqovOrJLe64w="></latexit>

MW ,MZ ,MWR , tan� ) MZL,R , UW , OZ



LRSM model file Kriewald, MN, Nesti ’24

LRSM going to QCD NLO, using MoGRe Frixione et al. ’19

updated precise predictions                                     and
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<latexit sha1_base64="MDzRBvL+BwvVGc6yFpgZo2IDkJE="></latexit>

pp → WR, ZL,R
<latexit sha1_base64="bEvmYl+KtInSp1q7tUsiK+XUbEw="></latexit>

pp → lN,NN

LHC FCC-hh

reduced uncertainties, K-factors of 1.1



p

p

WR

eR

N

eR

WR

j

j

production 
fixed by CKM

Dual flavometer - six channels

50-50% same-opposite sign

}
<latexit sha1_base64="+sJiEkC2q6nA4ZEQAvokSoKdUcs=">AAAB6XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQkBS8eq9gPaEPZbDft0s0m7E6EEvoPvHhQxKv/yJv/xk2bg7a+sPDwzgw78waJFAZd99spra1vbG6Vtys7u3v7B9XDo7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHKb1ztPXBsRq0ecJtyP6EiJUDCK1nrozwbVmlt35yKr4BVQg0LNQfWrP4xZGnGFTFJjep6boJ9RjYJJPqv0U8MTyiZ0xHsWFY248bP5pjNyZp0hCWNtn0Iyd39PZDQyZhoFtjOiODbLtdz8r9ZLMbz2M6GSFLlii4/CVBKMSX42GQrNGcqpBcq0sLsSNqaaMrThVGwI3vLJq9C+qHuW7y9rjZsijjKcwCmcgwdX0IA7aEILGITwDK/w5kycF+fd+Vi0lpxi5hj+yPn8AZ1ajWM=</latexit><latexit sha1_base64="+sJiEkC2q6nA4ZEQAvokSoKdUcs=">AAAB6XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQkBS8eq9gPaEPZbDft0s0m7E6EEvoPvHhQxKv/yJv/xk2bg7a+sPDwzgw78waJFAZd99spra1vbG6Vtys7u3v7B9XDo7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHKb1ztPXBsRq0ecJtyP6EiJUDCK1nrozwbVmlt35yKr4BVQg0LNQfWrP4xZGnGFTFJjep6boJ9RjYJJPqv0U8MTyiZ0xHsWFY248bP5pjNyZp0hCWNtn0Iyd39PZDQyZhoFtjOiODbLtdz8r9ZLMbz2M6GSFLlii4/CVBKMSX42GQrNGcqpBcq0sLsSNqaaMrThVGwI3vLJq9C+qHuW7y9rjZsijjKcwCmcgwdX0IA7aEILGITwDK/w5kycF+fd+Vi0lpxi5hj+yPn8AZ1ajWM=</latexit><latexit sha1_base64="+sJiEkC2q6nA4ZEQAvokSoKdUcs=">AAAB6XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQkBS8eq9gPaEPZbDft0s0m7E6EEvoPvHhQxKv/yJv/xk2bg7a+sPDwzgw78waJFAZd99spra1vbG6Vtys7u3v7B9XDo7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHKb1ztPXBsRq0ecJtyP6EiJUDCK1nrozwbVmlt35yKr4BVQg0LNQfWrP4xZGnGFTFJjep6boJ9RjYJJPqv0U8MTyiZ0xHsWFY248bP5pjNyZp0hCWNtn0Iyd39PZDQyZhoFtjOiODbLtdz8r9ZLMbz2M6GSFLlii4/CVBKMSX42GQrNGcqpBcq0sLsSNqaaMrThVGwI3vLJq9C+qHuW7y9rjZsijjKcwCmcgwdX0IA7aEILGITwDK/w5kycF+fd+Vi0lpxi5hj+yPn8AZ1ajWM=</latexit><latexit sha1_base64="+sJiEkC2q6nA4ZEQAvokSoKdUcs=">AAAB6XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQkBS8eq9gPaEPZbDft0s0m7E6EEvoPvHhQxKv/yJv/xk2bg7a+sPDwzgw78waJFAZd99spra1vbG6Vtys7u3v7B9XDo7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHKb1ztPXBsRq0ecJtyP6EiJUDCK1nrozwbVmlt35yKr4BVQg0LNQfWrP4xZGnGFTFJjep6boJ9RjYJJPqv0U8MTyiZ0xHsWFY248bP5pjNyZp0hCWNtn0Iyd39PZDQyZhoFtjOiODbLtdz8r9ZLMbz2M6GSFLlii4/CVBKMSX42GQrNGcqpBcq0sLsSNqaaMrThVGwI3vLJq9C+qHuW7y9rjZsijjKcwCmcgwdX0IA7aEILGITwDK/w5kycF+fd+Vi0lpxi5hj+yPn8AZ1ajWM=</latexit>
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more on the Majorana nature 
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Signal topologies
Lepton Number Violation

Keung, Senjanović ’83

Gluza, Jelinski ’15 ’16,  
Das, Dev, Mohapatra ’17,  

Godbole et al. ’20

<latexit sha1_base64="/t1mCI7NnUJG32hkzSeOTk81670="></latexit>

`j

<latexit sha1_base64="lhwk4n604P2jKHzH0Jpzle9vFto="></latexit>

`i

<latexit sha1_base64="iCOXQWV4J2H0y/KEd2GnyiJLRzk="></latexit>

MN = V ⇤
RmNV †

R

narrow mass peaks for
<latexit sha1_base64="32VS9Tqq0N9QoJI8IjEM7/tmeGg=">AAAB9HicdVDLSgNBEOz1GeMr6tHLYBA8LZsQkggeAl68KFHMA5JlmZ3MJkNmdteZ2UBY8h1ePCji1Y/x5t84eQgatKChqOqmu8uPOVPacT6tldW19Y3NzFZ2e2d3bz93cNhUUSIJbZCIR7LtY0U5C2lDM81pO5YUC5/Tlj+8nPqtEZWKReG9HsfUFbgfsoARrI3kCu8GXaBrL215dxMvl3fsklOsOlW0TCqoYDsz5GGBupf76PYikggaasKxUp2CE2s3xVIzwukk200UjTEZ4j7tGBpiQZWbzo6eoFOj9FAQSVOhRjP150SKhVJj4ZtOgfVALXtT8S+vk+ig6qYsjBNNQzJfFCQc6QhNE0A9JinRfGwIJpKZWxEZYImJNjllTQjfn6L/SbNoF8p2+baUr50v4sjAMZzAGRSgAjW4gjo0gMADPMIzvFgj68l6td7mrSvWYuYIfsF6/wLWqJGB</latexit>

mN < MWR2 vs. 3 body decays via          and 
<latexit sha1_base64="NlhTEjR2USMn0BUAoO2gv5w2gIc=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKaeutoAcvQkX7AW0om+2mXbrZhN2NUEJ/ghcPinj1F3nz37hpK2jRBwOP92aYmefHnCntOJ9Wbm19Y3Mrv13Y2d3bPygeHrVVlEhCWyTikez6WFHOBG1ppjntxpLi0Oe0408uM7/zQKVikbjX05h6IR4JFjCCtZHubgZXg2LJsStOue7U0SqpIdd25ijBEs1B8aM/jEgSUqEJx0r1XCfWXoqlZoTTWaGfKBpjMsEj2jNU4JAqL52fOkNnRhmiIJKmhEZz9edEikOlpqFvOkOsx2rVy8S/vF6ig7qXMhEnmgqyWBQkHOkIZX+jIZOUaD41BBPJzK2IjLHERJt0CiaE70/R/6Rdtt2qXb2tlBoXyzjycAKncA4u1KAB19CEFhAYwSM8w4vFrSfr1XpbtOas5cwx/IL1/gVFzo3L</latexit>

MD
<latexit sha1_base64="Qi+iVebY1tBwz4q/7ZcnmfpL7lw=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbB07JbSltvBS8eK9pWaJeSTbNtaDZZkqxYlv4ELx4U8eov8ua/Mf0QtOiDgcd7M8zMCxPOtPG8Tye3tr6xuZXfLuzs7u0fFA+P2lqmitAWkVyquxBrypmgLcMMp3eJojgOOe2E48uZ37mnSjMpbs0koUGMh4JFjGBjpZveA+sXS55b8cp1r45WSQ35rjdHCZZo9osfvYEkaUyFIRxr3fW9xAQZVoYRTqeFXqppgskYD2nXUoFjqoNsfuoUnVllgCKpbAmD5urPiQzHWk/i0HbG2Iz0qjcT//K6qYnqQcZEkhoqyGJRlHJkJJr9jQZMUWL4xBJMFLO3IjLCChNj0ynYEL4/Rf+Tdtn1q271ulJqXCzjyMMJnMI5+FCDBlxBE1pAYAiP8AwvDneenFfnbdGac5Yzx/ALzvsXurmOGA==</latexit>

⇠



� ���� ���� ���� ����
��-��

��-��

��-�

��-�

��-�

��-�

��-�

���� (�� ) [���]

�σ
/�
�

[�
�/
�
��

]

��� = � ���

� ���

� ���

� ���

� ���� ���� ���� ����

��-��

��-�

��-�

��-�

��-�

��-�

��( ℓ�) [���]

�σ
/�
� �

[�
�/
�
��

]

��� = � ���

� ���

� ���

� ���

�̂`N
ij (ŝ) =
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mostly on-shell, N boosted

off-shell = soft lepton and N

clear peaks

minv disappears

Keung, Senjanović ’83

Ruiz ’17

MN, Nesti, Popara ‘18

Golden channel:
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ij (ŝ) =

↵2
2⇡

72ŝ2
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mostly on-shell, N boosted

off-shell = soft lepton and N

Keung, Senjanović ’83

MN, Nesti ‘23
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MN, Nesti ‘23N decay phase space
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g.b. mixing

Total rate 
bumps up 
with two 
body decay

Displaced 
for large WR

see also Li, 
Ramsey-Musolf, 
Vasquez ’22



Sketch of a search : 
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Ruiz ’16
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Isolation and displacement

2nd lepton isolation depends on the boost of N

Lab decay length very sensitive to mN
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1 TeV
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, WR ! o↵-shell
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Simultaneous transition:  

prompt isolated - displaced 

merged, look for displaced 

merged jets (tracks)

MN, Nesti, Popara ’18
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LHC
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MN, Nesti ’24

Combination of off-shell, resolved, 
merged, displaced and invisible

Extensive reach 35 TeV at 3 sigma kton detectors exceed colliders

Interplay FCC-hh,           , BBN
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Future overview 
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ATLAS

Resolved leptons and jets:  
search status in 2024

similar for muons
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JHEP 01 (2019) 016
-1ATLAS Resolved 36 fb

Phys.Lett.B 798 (2019) 134942
-1ATLAS Boosted 80 fb

JHEP 04 (2022) 047
-1CMS Combined 138 fb

)expσ1 ±Boosted Expected (

)expσ1 ±Resolved Expected (

Boosted Observed

Resolved Observed

Electron channel , All limits at 95% CL-1 = 13 TeV, 139 fbs

ATLAS
Majorana scenario

CMS
Lepton Number Violation
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JHEP 01 (2019) 016
-1ATLAS Resolved 36 fb

Phys.Lett.B 798 (2019) 134942
-1ATLAS Boosted 80 fb

JHEP 04 (2022) 047
-1CMS Combined 138 fb

)expσ1 ±Boosted Expected (

)expσ1 ±Resolved Expected (

Boosted Observed

Resolved Observed

Muon channel , All limits at 95% CL-1 = 13 TeV, 139 fbs

ATLAS
Majorana scenario

probes the off-shell N, too

dijets di-boson WZ modetb

*interplay with

/ ⇠LR
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standard prompt isolated mode

tau

*e, mu

3.5 TeV
<latexit sha1_base64="gqc7pygXAnsP7hz6oEuJXepvzMY=">AAACH3icbZBNS0JBFIbn9mn2odWyzZAELULurUTbCW1aGvgFKjJ3PFcH534wc24kF39Jq6B+S7to609p11x1UdoLc3h5zznM4XEjKTTa9sza2Nza3tnN7GX3Dw6Pcvnjk6YOY8WhwUMZqrbLNEgRQAMFSmhHCpjvSmi54/u033oCpUUY1HESQc9nw0B4gjM0UT+fuymWaBfhGRNah+a0ny/YRXsuum6cpSmQpWr9/Hd3EPLYhwC5ZFp3HDvCXsIUCi5hmu3GGiLGx2wIHWMD5oPuJfPDp/TCJAPqhcq8AOk8/b2RMF/rie+aSZ/hSK/20vC/XidGr9JLRBDFCAFffOTFkmJIUwp0IBRwlBNjGFfC3Er5iCnG0bDKdgfgGZ7zcxLpThM1NMUuOuUrw6Jkp7VynbJyVsmsm+Z10TH+8bZQvVtSy5Azck4uiUPKpEoeSI00CCcxeSFv5N16tT6sT+trMbphLXdOyR9Zsx+ydp/g</latexit><latexit sha1_base64="gqc7pygXAnsP7hz6oEuJXepvzMY=">AAACH3icbZBNS0JBFIbn9mn2odWyzZAELULurUTbCW1aGvgFKjJ3PFcH534wc24kF39Jq6B+S7to609p11x1UdoLc3h5zznM4XEjKTTa9sza2Nza3tnN7GX3Dw6Pcvnjk6YOY8WhwUMZqrbLNEgRQAMFSmhHCpjvSmi54/u033oCpUUY1HESQc9nw0B4gjM0UT+fuymWaBfhGRNah+a0ny/YRXsuum6cpSmQpWr9/Hd3EPLYhwC5ZFp3HDvCXsIUCi5hmu3GGiLGx2wIHWMD5oPuJfPDp/TCJAPqhcq8AOk8/b2RMF/rie+aSZ/hSK/20vC/XidGr9JLRBDFCAFffOTFkmJIUwp0IBRwlBNjGFfC3Er5iCnG0bDKdgfgGZ7zcxLpThM1NMUuOuUrw6Jkp7VynbJyVsmsm+Z10TH+8bZQvVtSy5Azck4uiUPKpEoeSI00CCcxeSFv5N16tT6sT+trMbphLXdOyR9Zsx+ydp/g</latexit><latexit sha1_base64="gqc7pygXAnsP7hz6oEuJXepvzMY=">AAACH3icbZBNS0JBFIbn9mn2odWyzZAELULurUTbCW1aGvgFKjJ3PFcH534wc24kF39Jq6B+S7to609p11x1UdoLc3h5zznM4XEjKTTa9sza2Nza3tnN7GX3Dw6Pcvnjk6YOY8WhwUMZqrbLNEgRQAMFSmhHCpjvSmi54/u033oCpUUY1HESQc9nw0B4gjM0UT+fuymWaBfhGRNah+a0ny/YRXsuum6cpSmQpWr9/Hd3EPLYhwC5ZFp3HDvCXsIUCi5hmu3GGiLGx2wIHWMD5oPuJfPDp/TCJAPqhcq8AOk8/b2RMF/rie+aSZ/hSK/20vC/XidGr9JLRBDFCAFffOTFkmJIUwp0IBRwlBNjGFfC3Er5iCnG0bDKdgfgGZ7zcxLpThM1NMUuOuUrw6Jkp7VynbJyVsmsm+Z10TH+8bZQvVtSy5Azck4uiUPKpEoeSI00CCcxeSFv5N16tT6sT+trMbphLXdOyR9Zsx+ydp/g</latexit><latexit sha1_base64="gqc7pygXAnsP7hz6oEuJXepvzMY=">AAACH3icbZBNS0JBFIbn9mn2odWyzZAELULurUTbCW1aGvgFKjJ3PFcH534wc24kF39Jq6B+S7to609p11x1UdoLc3h5zznM4XEjKTTa9sza2Nza3tnN7GX3Dw6Pcvnjk6YOY8WhwUMZqrbLNEgRQAMFSmhHCpjvSmi54/u033oCpUUY1HESQc9nw0B4gjM0UT+fuymWaBfhGRNah+a0ny/YRXsuum6cpSmQpWr9/Hd3EPLYhwC5ZFp3HDvCXsIUCi5hmu3GGiLGx2wIHWMD5oPuJfPDp/TCJAPqhcq8AOk8/b2RMF/rie+aSZ/hSK/20vC/XidGr9JLRBDFCAFffOTFkmJIUwp0IBRwlBNjGFfC3Er5iCnG0bDKdgfgGZ7zcxLpThM1NMUuOuUrw6Jkp7VynbJyVsmsm+Z10TH+8bZQvVtSy5Azck4uiUPKpEoeSI00CCcxeSFv5N16tT6sT+trMbphLXdOyR9Zsx+ydp/g</latexit>

lepton + missing energy

*e, mu

tauh

MWR & 5.1(6) TeV
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Experimental limits review in 2024

MWR > 4 TeV
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ATLAS  
1910.08447

ATLAS  
2308.08521

ATLAS 2402.10607 
CMS 2210.00043 

Mohapatra Senjanović ’79 
Tello, MN, Nesti, Senjanović, Vissani ‘10

ATLAS  
2402.16576

ATLAS  
1906.05609 

CMS  
2112.03949

ATLAS  
2304.09553
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⇠ 5.8 TeV

Lepton Number Violation
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LRSM model file Kriewald, MN, Nesti ’24

physical input scheme: masses & mixings, quartics computed

Scalar sector: doubly, singly charged, neutral

Input masses, output mixings, some quartics
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Goldstones, gauge fixing
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minimization

all small, induces <latexit sha1_base64="7SX0IN2E1kXLV+XFVClXkXRNHOc="></latexit>v�

talks by Kriewald and Ruiz

Bolton, Kriewald, 
MN, Nesti ‘24

for        LNV pheno, see
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H, A mediate tree-
level FCNCs

Maiezza, MN, Nesti, Senjanović ’11 
Bertolini, Nesti, Maiezza ’14, ’19 

Mohapatra, Yan, Zhang ’19

Neutral         can be light
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sin ✓

Majorana Higges!
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 Maiezza, MN, Nesti ’15 

 Graesser ’07 

Gunion et al. Snowmass ’86

X & Y Coll. 2???

<latexit sha1_base64="40BFUT2SHT/5Wr25A465a19ivEM=">AAACVHicdVFRaxNBEN5cra1Ra6qPviyGgg9y7B21yVMpVNCnUsG0hVx6zG3mkqW7d8fuXCEc94f6a3wS6j8RfHCTRrFFB3b4+L6Zndlvs0orR0LcdoKNR5uPt7afdJ8+e77zorf78syVtZU4kqUu7UUGDrUqcESKNF5UFsFkGs+zq+Olfn6N1qmy+EKLCicGZoXKlQTyVNr7kHwEYyBt5jyhkjfJ6spGZy0/OWlbnlS2rLzg0o TmSHAZc5Peq2ov47TXF+G+iIdiyB+CAY9CsYo+W8dp2vuRTEtZGyxIanBuHImKJg1YUlJj201qhxXIK5jh2MMCDLpJsxra8j3PTHleWn8K4iv2744GjHML43fbM0Bz91Bbkv/SxjXlw0mjiqomLOTdoLzW3D9/aR2fKouS9MIDkFb5XbmcgwVJ3uBuMsXcf8IfZxo780mE0eCd9+K9WOZh3HqvfhvC/w/O4jA6CA8+7/ePDteubbPX7A17yyI2YEfsEztlIybZDfvKbtn3zrfOz2Aj2LwrDTrrnlfsXgQ7vwBXa7Px</latexit>

�h!NN / s2✓mN
2

<latexit sha1_base64="BiP0yPUoqwK4vSAIVdtU1Ka43+0="></latexit>

�h!NN

�h!bb

' ✓2

3

✓
mN

mb

◆2 ✓ MW

MWR

◆2

<latexit sha1_base64="Yg2LpTb1y/6eA453x84qIe/WrHU=">AAACHHicdZDLSgMxFIYz9VbrrerSTbAUXMiQKbWdlRTcuJIK9gJtLZk004ZmLiQZoQzzHq4EfRZ34lbwUdyZmVbRogdy+PlPzoXPCTmTCqF3I7eyura+kd8sbG3v7O4V9w/aMogEoS0S8EB0HSwpZz5tKaY47YaCYs/htONML9J6544KyQL/Rs1COvDw2GcuI1hp6zbuZyNi7iTwKhkWS8isooqNbLgs6tAyURYlsIjmsPjRHwUk8qivCMdS9iwUqkGMhWKE06TQjyQNMZniMe1p6WOPykGcrUxgWTsj6AZCP1/BzP3ZEWNPypmnLyt7WE3kci01/6r1IuXag5j5YaSoT+aL3IhDFcAUARwxQYniMy0wEUzfCskEC0yUBlXoj6irYX5zicVYJ2Ra9VPN4gyl2a6krL6AwP9Fu2JaNbN2XS01zhfU8uAIHIMTYIE6aIBL0AQtQIAA9+ARPBkPxrPxYrzOv+aMRc8h+BXG2yefBKCf</latexit>

N

<latexit sha1_base64="Yg2LpTb1y/6eA453x84qIe/WrHU=">AAACHHicdZDLSgMxFIYz9VbrrerSTbAUXMiQKbWdlRTcuJIK9gJtLZk004ZmLiQZoQzzHq4EfRZ34lbwUdyZmVbRogdy+PlPzoXPCTmTCqF3I7eyura+kd8sbG3v7O4V9w/aMogEoS0S8EB0HSwpZz5tKaY47YaCYs/htONML9J6544KyQL/Rs1COvDw2GcuI1hp6zbuZyNi7iTwKhkWS8isooqNbLgs6tAyURYlsIjmsPjRHwUk8qivCMdS9iwUqkGMhWKE06TQjyQNMZniMe1p6WOPykGcrUxgWTsj6AZCP1/BzP3ZEWNPypmnLyt7WE3kci01/6r1IuXag5j5YaSoT+aL3IhDFcAUARwxQYniMy0wEUzfCskEC0yUBlXoj6irYX5zicVYJ2Ra9VPN4gyl2a6krL6AwP9Fu2JaNbN2XS01zhfU8uAIHIMTYIE6aIBL0AQtQIAA9+ARPBkPxrPxYrzOv+aMRc8h+BXG2yefBKCf</latexit>

N
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<latexit sha1_base64="irz+ObHBxHuH+4Hpl1yY6f7eVFU=">AAAB8XicbZBNS8NAEIYnftb6VfXoZbEInkoignor6MFjFfuBbSyb7aZdutmE3YlQQv+FFw+KePXfePPfuG1z0NYXFh7emWFn3iCRwqDrfjtLyyura+uFjeLm1vbObmlvv2HiVDNeZ7GMdSughkuheB0FSt5KNKdRIHkzGF5N6s0nro2I1T2OEu5HtK9EKBhFaz10rrlE2r17dLulsltxpyKL4OVQhly1bumr04tZGnGFTFJj2p6boJ9RjYJJPi52UsMTyoa0z9sWFY248bPpxmNybJ0eCWNtn0IydX9PZDQyZhQFtjOiODDztYn5X62dYnjhZ0IlKXLFZh+FqSQYk8n5pCc0ZyhHFijTwu5K2IBqytCGVLQhePMnL0LjtOJZvj0rVy/zOApwCEdwAh6cQxVuoAZ1YKDgGV7hzTHOi/PufMxal5x85gD+yPn8AeBukFo=</latexit><latexit sha1_base64="irz+ObHBxHuH+4Hpl1yY6f7eVFU=">AAAB8XicbZBNS8NAEIYnftb6VfXoZbEInkoignor6MFjFfuBbSyb7aZdutmE3YlQQv+FFw+KePXfePPfuG1z0NYXFh7emWFn3iCRwqDrfjtLyyura+uFjeLm1vbObmlvv2HiVDNeZ7GMdSughkuheB0FSt5KNKdRIHkzGF5N6s0nro2I1T2OEu5HtK9EKBhFaz10rrlE2r17dLulsltxpyKL4OVQhly1bumr04tZGnGFTFJj2p6boJ9RjYJJPi52UsMTyoa0z9sWFY248bPpxmNybJ0eCWNtn0IydX9PZDQyZhQFtjOiODDztYn5X62dYnjhZ0IlKXLFZh+FqSQYk8n5pCc0ZyhHFijTwu5K2IBqytCGVLQhePMnL0LjtOJZvj0rVy/zOApwCEdwAh6cQxVuoAZ1YKDgGV7hzTHOi/PufMxal5x85gD+yPn8AeBukFo=</latexit><latexit sha1_base64="irz+ObHBxHuH+4Hpl1yY6f7eVFU=">AAAB8XicbZBNS8NAEIYnftb6VfXoZbEInkoignor6MFjFfuBbSyb7aZdutmE3YlQQv+FFw+KePXfePPfuG1z0NYXFh7emWFn3iCRwqDrfjtLyyura+uFjeLm1vbObmlvv2HiVDNeZ7GMdSughkuheB0FSt5KNKdRIHkzGF5N6s0nro2I1T2OEu5HtK9EKBhFaz10rrlE2r17dLulsltxpyKL4OVQhly1bumr04tZGnGFTFJj2p6boJ9RjYJJPi52UsMTyoa0z9sWFY248bPpxmNybJ0eCWNtn0IydX9PZDQyZhQFtjOiODDztYn5X62dYnjhZ0IlKXLFZh+FqSQYk8n5pCc0ZyhHFijTwu5K2IBqytCGVLQhePMnL0LjtOJZvj0rVy/zOApwCEdwAh6cQxVuoAZ1YKDgGV7hzTHOi/PufMxal5x85gD+yPn8AeBukFo=</latexit><latexit sha1_base64="irz+ObHBxHuH+4Hpl1yY6f7eVFU=">AAAB8XicbZBNS8NAEIYnftb6VfXoZbEInkoignor6MFjFfuBbSyb7aZdutmE3YlQQv+FFw+KePXfePPfuG1z0NYXFh7emWFn3iCRwqDrfjtLyyura+uFjeLm1vbObmlvv2HiVDNeZ7GMdSughkuheB0FSt5KNKdRIHkzGF5N6s0nro2I1T2OEu5HtK9EKBhFaz10rrlE2r17dLulsltxpyKL4OVQhly1bumr04tZGnGFTFJj2p6boJ9RjYJJPi52UsMTyoa0z9sWFY248bPpxmNybJ0eCWNtn0IydX9PZDQyZhQFtjOiODDztYn5X62dYnjhZ0IlKXLFZh+FqSQYk8n5pCc0ZyhHFijTwu5K2IBqytCGVLQhePMnL0LjtOJZvj0rVy/zOApwCEdwAh6cQxVuoAZ1YKDgGV7hzTHOi/PufMxal5x85gD+yPn8AeBukFo=</latexit>

 MN, Nesti, Vasquez ’16

Displaced photons  
Dev, Mohapatra, Zhang ’16
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Lepton Number Violation  MN, Nesti, Vasquez ’16



Sensitivity

h ! �� ! NNNN

displaced 0.01 mm to 1m

discovery reach beyond 
direct searches

connection to 

Combined h ! NN � ! NN �� ! NNNN

0⌫2�
<latexit sha1_base64="c4MsbBycCjjtnbkxTS35xb+nZdU=">AAACGHicbVDLSsNAFJ3UV62vqks3wSK4kJIUpV1JwY3LCvaBTSiTyU07dDIJMxOhhP6FK0G/xZ24deenuHOSZqGtB+ZyOPde7pnjxYxKZVlfRmltfWNzq7xd2dnd2z+oHh71ZJQIAl0SsUgMPCyBUQ5dRRWDQSwAhx6Dvje9yfr9RxCSRvxezWJwQzzmNKAEKy09WA5PGo4HCo+qNatu5TBXiV2QGirQGVW/HT8iSQhcEYalHNpWrNwUC0UJg3nFSSTEmEzxGIaachyCdNPc8dw804pvBpHQjyszV39vpDiUchZ6ejLEaiKXe5n4X2+YqKDlppTHiQJOFoeChJkqMrPvmz4VQBSbaYKJoNqrSSZYYKJ0SBXHh0AHmdtJmTdPxVgXq243L3QWV1ZWW425zspeTmaV9Bp1W/O7y1r7ukitjE7QKTpHNmqiNrpFHdRFBHH0hF7Qq/FsvBnvxsditGQUO8foD4zPHxqLnh0=</latexit><latexit sha1_base64="c4MsbBycCjjtnbkxTS35xb+nZdU=">AAACGHicbVDLSsNAFJ3UV62vqks3wSK4kJIUpV1JwY3LCvaBTSiTyU07dDIJMxOhhP6FK0G/xZ24deenuHOSZqGtB+ZyOPde7pnjxYxKZVlfRmltfWNzq7xd2dnd2z+oHh71ZJQIAl0SsUgMPCyBUQ5dRRWDQSwAhx6Dvje9yfr9RxCSRvxezWJwQzzmNKAEKy09WA5PGo4HCo+qNatu5TBXiV2QGirQGVW/HT8iSQhcEYalHNpWrNwUC0UJg3nFSSTEmEzxGIaachyCdNPc8dw804pvBpHQjyszV39vpDiUchZ6ejLEaiKXe5n4X2+YqKDlppTHiQJOFoeChJkqMrPvmz4VQBSbaYKJoNqrSSZYYKJ0SBXHh0AHmdtJmTdPxVgXq243L3QWV1ZWW425zspeTmaV9Bp1W/O7y1r7ukitjE7QKTpHNmqiNrpFHdRFBHH0hF7Qq/FsvBnvxsditGQUO8foD4zPHxqLnh0=</latexit><latexit sha1_base64="c4MsbBycCjjtnbkxTS35xb+nZdU=">AAACGHicbVDLSsNAFJ3UV62vqks3wSK4kJIUpV1JwY3LCvaBTSiTyU07dDIJMxOhhP6FK0G/xZ24deenuHOSZqGtB+ZyOPde7pnjxYxKZVlfRmltfWNzq7xd2dnd2z+oHh71ZJQIAl0SsUgMPCyBUQ5dRRWDQSwAhx6Dvje9yfr9RxCSRvxezWJwQzzmNKAEKy09WA5PGo4HCo+qNatu5TBXiV2QGirQGVW/HT8iSQhcEYalHNpWrNwUC0UJg3nFSSTEmEzxGIaachyCdNPc8dw804pvBpHQjyszV39vpDiUchZ6ejLEaiKXe5n4X2+YqKDlppTHiQJOFoeChJkqMrPvmz4VQBSbaYKJoNqrSSZYYKJ0SBXHh0AHmdtJmTdPxVgXq243L3QWV1ZWW425zspeTmaV9Bp1W/O7y1r7ukitjE7QKTpHNmqiNrpFHdRFBHH0hF7Qq/FsvBnvxsditGQUO8foD4zPHxqLnh0=</latexit><latexit sha1_base64="c4MsbBycCjjtnbkxTS35xb+nZdU=">AAACGHicbVDLSsNAFJ3UV62vqks3wSK4kJIUpV1JwY3LCvaBTSiTyU07dDIJMxOhhP6FK0G/xZ24deenuHOSZqGtB+ZyOPde7pnjxYxKZVlfRmltfWNzq7xd2dnd2z+oHh71ZJQIAl0SsUgMPCyBUQ5dRRWDQSwAhx6Dvje9yfr9RxCSRvxezWJwQzzmNKAEKy09WA5PGo4HCo+qNatu5TBXiV2QGirQGVW/HT8iSQhcEYalHNpWrNwUC0UJg3nFSSTEmEzxGIaachyCdNPc8dw804pvBpHQjyszV39vpDiUchZ6ejLEaiKXe5n4X2+YqKDlppTHiQJOFoeChJkqMrPvmz4VQBSbaYKJoNqrSSZYYKJ0SBXHh0AHmdtJmTdPxVgXq243L3QWV1ZWW425zspeTmaV9Bp1W/O7y1r7ukitjE7QKTpHNmqiNrpFHdRFBHH0hF7Qq/FsvBnvxsditGQUO8foD4zPHxqLnh0=</latexit>

GERDA, Neutrino ’16 
KamLAND-Zen ’16

 MN, Nesti, Vasquez ’16



LRSM dark matter

MN, Senjanović, Zhang ’12
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<latexit sha1_base64="TknpIR89e/ZvriS+z878leZLaVU=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbvJxqy3gBdPkoB5SLKE2clsMmb2wcysEEK+wIsHRbz6Sd78G2eTCCpa0FBUddPd5SecSWVZH8bK6tr6xmZuK7+9s7u3Xzg4bMk4FYQ2Scxj0fGxpJxFtKmY4rSTCIpDn9O2P77M/PY9FZLF0Y2aJNQL8TBiASNYaalx2y8ULdN1Kq5rIcusOOVqqayJneEC2aY1RxGWqPcL771BTNKQRopwLGXXthLlTbFQjHA6y/dSSRNMxnhIu5pGOKTSm84PnaFTrQxQEAtdkUJz9fvEFIdSTkJfd4ZYjeRvLxP/8rqpClxvyqIkVTQii0VBypGKUfY1GjBBieITTTARTN+KyAgLTJTOJq9D+PoU/U9aJdM+N52GU6xdL+PIwTGcwBnYUIUaXEEdmkCAwgM8wbNxZzwaL8bronXFWM4cwQ8Yb58lQY05</latexit>

Y
<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X
<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X

<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X

<latexit sha1_base64="kAVPR3A/0XEdOK23q+kxe1BXp40=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadndxCTeAl48SQLmAckSZie9yZjZBzOzQljyBV48KOLVT/Lm3zibRFDRgoaiqpvuLi/mTCrL+jBya+sbm1v57cLO7t7+QfHwqCOjRFBo04hHoucRCZyF0FZMcejFAkjgceh606vM796DkCwKb9UsBjcg45D5jBKlpVZvWCxZ5mW96lw42DItq+aUqxlxahWnjG2tZCihFZrD4vtgFNEkgFBRTqTs21as3JQIxSiHeWGQSIgJnZIx9DUNSQDSTReHzvGZVkbYj4SuUOGF+n0iJYGUs8DTnQFRE/nby8S/vH6i/LqbsjBOFIR0uchPOFYRzr7GIyaAKj7ThFDB9K2YToggVOlsCjqEr0/x/6TjmHbVrLQqpcbNKo48OkGn6BzZqIYa6Bo1URtRBOgBPaFn4854NF6M12VrzljNHKMfMN4+AR87jTU=</latexit>

X
<latexit sha1_base64="TknpIR89e/ZvriS+z878leZLaVU=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbvJxqy3gBdPkoB5SLKE2clsMmb2wcysEEK+wIsHRbz6Sd78G2eTCCpa0FBUddPd5SecSWVZH8bK6tr6xmZuK7+9s7u3Xzg4bMk4FYQ2Scxj0fGxpJxFtKmY4rSTCIpDn9O2P77M/PY9FZLF0Y2aJNQL8TBiASNYaalx2y8ULdN1Kq5rIcusOOVqqayJneEC2aY1RxGWqPcL771BTNKQRopwLGXXthLlTbFQjHA6y/dSSRNMxnhIu5pGOKTSm84PnaFTrQxQEAtdkUJz9fvEFIdSTkJfd4ZYjeRvLxP/8rqpClxvyqIkVTQii0VBypGKUfY1GjBBieITTTARTN+KyAgLTJTOJq9D+PoU/U9aJdM+N52GU6xdL+PIwTGcwBnYUIUaXEEdmkCAwgM8wbNxZzwaL8bronXFWM4cwQ8Yb58lQY05</latexit>

Y<latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm <latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm
<latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm
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LRSM dark matter <latexit sha1_base64="TknpIR89e/ZvriS+z878leZLaVU=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbvJxqy3gBdPkoB5SLKE2clsMmb2wcysEEK+wIsHRbz6Sd78G2eTCCpa0FBUddPd5SecSWVZH8bK6tr6xmZuK7+9s7u3Xzg4bMk4FYQ2Scxj0fGxpJxFtKmY4rSTCIpDn9O2P77M/PY9FZLF0Y2aJNQL8TBiASNYaalx2y8ULdN1Kq5rIcusOOVqqayJneEC2aY1RxGWqPcL771BTNKQRopwLGXXthLlTbFQjHA6y/dSSRNMxnhIu5pGOKTSm84PnaFTrQxQEAtdkUJz9fvEFIdSTkJfd4ZYjeRvLxP/8rqpClxvyqIkVTQii0VBypGKUfY1GjBBieITTTARTN+KyAgLTJTOJq9D+PoU/U9aJdM+N52GU6xdL+PIwTGcwBnYUIUaXEEdmkCAwgM8wbNxZzwaL8bronXFWM4cwQ8Yb58lQY05</latexit>

Y
<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X
<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X

<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X

<latexit sha1_base64="kAVPR3A/0XEdOK23q+kxe1BXp40=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadndxCTeAl48SQLmAckSZie9yZjZBzOzQljyBV48KOLVT/Lm3zibRFDRgoaiqpvuLi/mTCrL+jBya+sbm1v57cLO7t7+QfHwqCOjRFBo04hHoucRCZyF0FZMcejFAkjgceh606vM796DkCwKb9UsBjcg45D5jBKlpVZvWCxZ5mW96lw42DItq+aUqxlxahWnjG2tZCihFZrD4vtgFNEkgFBRTqTs21as3JQIxSiHeWGQSIgJnZIx9DUNSQDSTReHzvGZVkbYj4SuUOGF+n0iJYGUs8DTnQFRE/nby8S/vH6i/LqbsjBOFIR0uchPOFYRzr7GIyaAKj7ThFDB9K2YToggVOlsCjqEr0/x/6TjmHbVrLQqpcbNKo48OkGn6BzZqIYa6Bo1URtRBOgBPaFn4854NF6M12VrzljNHKMfMN4+AR87jTU=</latexit>

X
<latexit sha1_base64="TknpIR89e/ZvriS+z878leZLaVU=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbvJxqy3gBdPkoB5SLKE2clsMmb2wcysEEK+wIsHRbz6Sd78G2eTCCpa0FBUddPd5SecSWVZH8bK6tr6xmZuK7+9s7u3Xzg4bMk4FYQ2Scxj0fGxpJxFtKmY4rSTCIpDn9O2P77M/PY9FZLF0Y2aJNQL8TBiASNYaalx2y8ULdN1Kq5rIcusOOVqqayJneEC2aY1RxGWqPcL771BTNKQRopwLGXXthLlTbFQjHA6y/dSSRNMxnhIu5pGOKTSm84PnaFTrQxQEAtdkUJz9fvEFIdSTkJfd4ZYjeRvLxP/8rqpClxvyqIkVTQii0VBypGKUfY1GjBBieITTTARTN+KyAgLTJTOJq9D+PoU/U9aJdM+N52GU6xdL+PIwTGcwBnYUIUaXEEdmkCAwgM8wbNxZzwaL8bronXFWM4cwQ8Yb58lQY05</latexit>

Y<latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm <latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm
<latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm

Warm component affects the linear matter power spectrum

MN, Zhang ’23

Somewhat independent of dynamics: 2 body ~ 3 body
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Limit on BrX

<latexit sha1_base64="rbaEJC1uVXchTctpvvV2h4TkKkY=">AAACAXicdVDLSgNBEJyNrxhfUS+Cl8EgeAq7eZ9E9OJRwWgguyyzk44OmX0w0yuGJV78FS8eFPHqX3jzb5zECCpa0FBUddPdFSRSaLTtdys3Mzs3v5BfLCwtr6yuFdc3znWcKg5tHstYdQKmQYoI2ihQQidRwMJAwkUwOBr7F9egtIijMxwm4IXsMhJ9wRkayS9uuQg3mB2qkd+hrgSttQip4+76xZJdrtSbtXqVGtKsOa2WIVW7UmvUqVO2JyiRKU784pvbi3kaQoRcMq27jp2glzGFgksYFdxUQ8L4gF1C19CIhaC9bPLBiO4apUf7sTIVIZ2o3ycyFmo9DAPTGTK80r+9sfiX102x3/IyESUpQsQ/F/VTSTGm4zhoTyjgKIeGMK6EuZXyK6YYRxNawYTw9Sn9n5xXyk6j3DitlQ72p3HkyTbZIXvEIU1yQI7JCWkTTm7JPXkkT9ad9WA9Wy+frTlrOrNJfsB6/QA4kZbA</latexit>

BrX ↭ 1%

Euclid

CLASS ’11 (3x)

<latexit sha1_base64="WuCuZCAst/ra0dB7vry5HdNKHrA="></latexit>

fX(x)



<latexit sha1_base64="pxv+jYltbIzULWPE4CZnju2uBpM="></latexit>

X = N1,�
0
R

LRSM dark matter <latexit sha1_base64="TknpIR89e/ZvriS+z878leZLaVU=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbvJxqy3gBdPkoB5SLKE2clsMmb2wcysEEK+wIsHRbz6Sd78G2eTCCpa0FBUddPd5SecSWVZH8bK6tr6xmZuK7+9s7u3Xzg4bMk4FYQ2Scxj0fGxpJxFtKmY4rSTCIpDn9O2P77M/PY9FZLF0Y2aJNQL8TBiASNYaalx2y8ULdN1Kq5rIcusOOVqqayJneEC2aY1RxGWqPcL771BTNKQRopwLGXXthLlTbFQjHA6y/dSSRNMxnhIu5pGOKTSm84PnaFTrQxQEAtdkUJz9fvEFIdSTkJfd4ZYjeRvLxP/8rqpClxvyqIkVTQii0VBypGKUfY1GjBBieITTTARTN+KyAgLTJTOJq9D+PoU/U9aJdM+N52GU6xdL+PIwTGcwBnYUIUaXEEdmkCAwgM8wbNxZzwaL8bronXFWM4cwQ8Yb58lQY05</latexit>

Y
<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X
<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X

<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X

<latexit sha1_base64="kAVPR3A/0XEdOK23q+kxe1BXp40=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadndxCTeAl48SQLmAckSZie9yZjZBzOzQljyBV48KOLVT/Lm3zibRFDRgoaiqpvuLi/mTCrL+jBya+sbm1v57cLO7t7+QfHwqCOjRFBo04hHoucRCZyF0FZMcejFAkjgceh606vM796DkCwKb9UsBjcg45D5jBKlpVZvWCxZ5mW96lw42DItq+aUqxlxahWnjG2tZCihFZrD4vtgFNEkgFBRTqTs21as3JQIxSiHeWGQSIgJnZIx9DUNSQDSTReHzvGZVkbYj4SuUOGF+n0iJYGUs8DTnQFRE/nby8S/vH6i/LqbsjBOFIR0uchPOFYRzr7GIyaAKj7ThFDB9K2YToggVOlsCjqEr0/x/6TjmHbVrLQqpcbNKo48OkGn6BzZqIYa6Bo1URtRBOgBPaFn4854NF6M12VrzljNHKMfMN4+AR87jTU=</latexit>

X
<latexit sha1_base64="TknpIR89e/ZvriS+z878leZLaVU=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbvJxqy3gBdPkoB5SLKE2clsMmb2wcysEEK+wIsHRbz6Sd78G2eTCCpa0FBUddPd5SecSWVZH8bK6tr6xmZuK7+9s7u3Xzg4bMk4FYQ2Scxj0fGxpJxFtKmY4rSTCIpDn9O2P77M/PY9FZLF0Y2aJNQL8TBiASNYaalx2y8ULdN1Kq5rIcusOOVqqayJneEC2aY1RxGWqPcL771BTNKQRopwLGXXthLlTbFQjHA6y/dSSRNMxnhIu5pGOKTSm84PnaFTrQxQEAtdkUJz9fvEFIdSTkJfd4ZYjeRvLxP/8rqpClxvyqIkVTQii0VBypGKUfY1GjBBieITTTARTN+KyAgLTJTOJq9D+PoU/U9aJdM+N52GU6xdL+PIwTGcwBnYUIUaXEEdmkCAwgM8wbNxZzwaL8bronXFWM4cwQ8Yb58lQY05</latexit>

Y<latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm <latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm
<latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm

Anatomy of LRSM DM candidates MN, Zhang ’24

tough…

stable, decays via
<latexit sha1_base64="4MyPS2przY4Ji9ZDNLka4C8bsAo="></latexit>

N1 ! 3⌫, ⌫�

Dilutors
<latexit sha1_base64="pKFFBqMT95IKF6gS3TXd0H77s40="></latexit>

Y = N2,3,�
0
R

<latexit sha1_base64="F7uw+WeBAgAZRHJ04+fO2uHK/H4="></latexit>

Ni ! `qq, ``N1, ``⌫, 3⌫, `W

dangerous 3 body

fast 2 body

<latexit sha1_base64="UebD/Gv7XF3hPiVJ7WJs8uIMYuc="></latexit>

⌦X ' 0.26 (1 + nBrX)
⇣ mX
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⌘✓
2.2GeV

mY

◆r
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⌧Y

<latexit sha1_base64="oPmKvB3nblvwbQwu+g7/YH4vr+k="></latexit>
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need to suppress BrX below 1%

no-go via type I seesaw, Dirac
<latexit sha1_base64="Y08mf4ekcmGMLt07yWiY0PJ74c4="></latexit>

⌧N2 & 160 sec
BBN

need to be here, no-go

What about      and           ?
<latexit sha1_base64="nO/h3CXyveZGkHu4JUXoD+JD9JY=">AAACEXicdVDLSgMxFM3UV62vqks3wSK4kCFTajvuCm5cVrQPaIeSyWTa0ExmSDJiGfoJrgT9Fnfi1i/wU9yZPgQteiCXw7n3ck+On3CmNEIfVm5ldW19I79Z2Nre2d0r7h+0VJxKQpsk5rHs+FhRzgRtaqY57SSS4sjntO2PLqf99h2VisXiVo8T6kV4IFjICNZGuunds36xhOwKKrvIhcukBh0bzVACCzT6xc9eEJM0okITjpXqOijRXoalZoTTSaGXKppgMsID2jVU4IgqL5tZncATowQwjKV5QsOZ+nMjw5FS48g3kxHWQ7Xcm4p/9bqpDl0vYyJJNRVkfihMOdQxnP4bBkxSovnYEEwkM14hGWKJiTbpFHoBDU2CMzsZ9yeZHJiCbKd2ZrI4R9Pqlicmq+9A4P+kVbadql29rpTqF4vU8uAIHINT4IAaqIMr0ABNQMAAPIAn8Gw9Wi/Wq/U2H81Zi51D8AvW+xeDOJvC</latexit>

⇠
<latexit sha1_base64="0MMERPnDWUT9wRh10s/b/td3edg=">AAACGHicdVBNSwMxEM36WetX1aOXYBE8yJItauutoAePVayKbS3ZdLaGZrNLkhXKsv/Ck6C/xZt49eZP8Wa2raCiDzI83swwL8+PBdeGkHdnanpmdm6+sFBcXFpeWS2trV/oKFEMmiwSkbryqQbBJTQNNwKuYgU09AVc+oOjvH95B0rzSJ6bYQydkPYlDzijxkrX7WMQhnbPbki3VCbuHqnUSA3/JlXsuWSEMpqg0S19tHsRS0KQhgmqdcsjsemkVBnOBGTFdqIhpmxA+9CyVNIQdCcdOc7wtlV6OIiUfdLgkfp9I6Wh1sPQt5MhNbf6dy8X/+q1EhPUOimXcWJAsvGhIBHYRDj/Pu5xBcyIoSWUKW69YnZLFWXGhlRs9yCwQY7spMLPUtW3hbhedddmsU/yWqtkNquvQPD/5KLiegfuweleuX44Sa2ANtEW2kEeqqI6OkEN1EQMSXSPHtGT8+A8Oy/O63h0ypnsbKAfcN4+AWSMnlA=</latexit>

�0
R



LRSM dark matter <latexit sha1_base64="TknpIR89e/ZvriS+z878leZLaVU=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbvJxqy3gBdPkoB5SLKE2clsMmb2wcysEEK+wIsHRbz6Sd78G2eTCCpa0FBUddPd5SecSWVZH8bK6tr6xmZuK7+9s7u3Xzg4bMk4FYQ2Scxj0fGxpJxFtKmY4rSTCIpDn9O2P77M/PY9FZLF0Y2aJNQL8TBiASNYaalx2y8ULdN1Kq5rIcusOOVqqayJneEC2aY1RxGWqPcL771BTNKQRopwLGXXthLlTbFQjHA6y/dSSRNMxnhIu5pGOKTSm84PnaFTrQxQEAtdkUJz9fvEFIdSTkJfd4ZYjeRvLxP/8rqpClxvyqIkVTQii0VBypGKUfY1GjBBieITTTARTN+KyAgLTJTOJq9D+PoU/U9aJdM+N52GU6xdL+PIwTGcwBnYUIUaXEEdmkCAwgM8wbNxZzwaL8bronXFWM4cwQ8Yb58lQY05</latexit>

Y
<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X
<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X

<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X

<latexit sha1_base64="kAVPR3A/0XEdOK23q+kxe1BXp40=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadndxCTeAl48SQLmAckSZie9yZjZBzOzQljyBV48KOLVT/Lm3zibRFDRgoaiqpvuLi/mTCrL+jBya+sbm1v57cLO7t7+QfHwqCOjRFBo04hHoucRCZyF0FZMcejFAkjgceh606vM796DkCwKb9UsBjcg45D5jBKlpVZvWCxZ5mW96lw42DItq+aUqxlxahWnjG2tZCihFZrD4vtgFNEkgFBRTqTs21as3JQIxSiHeWGQSIgJnZIx9DUNSQDSTReHzvGZVkbYj4SuUOGF+n0iJYGUs8DTnQFRE/nby8S/vH6i/LqbsjBOFIR0uchPOFYRzr7GIyaAKj7ThFDB9K2YToggVOlsCjqEr0/x/6TjmHbVrLQqpcbNKo48OkGn6BzZqIYa6Bo1URtRBOgBPaFn4854NF6M12VrzljNHKMfMN4+AR87jTU=</latexit>

X
<latexit sha1_base64="TknpIR89e/ZvriS+z878leZLaVU=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbvJxqy3gBdPkoB5SLKE2clsMmb2wcysEEK+wIsHRbz6Sd78G2eTCCpa0FBUddPd5SecSWVZH8bK6tr6xmZuK7+9s7u3Xzg4bMk4FYQ2Scxj0fGxpJxFtKmY4rSTCIpDn9O2P77M/PY9FZLF0Y2aJNQL8TBiASNYaalx2y8ULdN1Kq5rIcusOOVqqayJneEC2aY1RxGWqPcL771BTNKQRopwLGXXthLlTbFQjHA6y/dSSRNMxnhIu5pGOKTSm84PnaFTrQxQEAtdkUJz9fvEFIdSTkJfd4ZYjeRvLxP/8rqpClxvyqIkVTQii0VBypGKUfY1GjBBieITTTARTN+KyAgLTJTOJq9D+PoU/U9aJdM+N52GU6xdL+PIwTGcwBnYUIUaXEEdmkCAwgM8wbNxZzwaL8bronXFWM4cwQ8Yb58lQY05</latexit>

Y<latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm <latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm
<latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm

Gauge boson mixing dilution works, so does MN, Zhang ’24

<latexit sha1_base64="R5QzJZXhcBwp+dV9NrgtuPcXKYE="></latexit>
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<latexit sha1_base64="0MMERPnDWUT9wRh10s/b/td3edg=">AAACGHicdVBNSwMxEM36WetX1aOXYBE8yJItauutoAePVayKbS3ZdLaGZrNLkhXKsv/Ck6C/xZt49eZP8Wa2raCiDzI83swwL8+PBdeGkHdnanpmdm6+sFBcXFpeWS2trV/oKFEMmiwSkbryqQbBJTQNNwKuYgU09AVc+oOjvH95B0rzSJ6bYQydkPYlDzijxkrX7WMQhnbPbki3VCbuHqnUSA3/JlXsuWSEMpqg0S19tHsRS0KQhgmqdcsjsemkVBnOBGTFdqIhpmxA+9CyVNIQdCcdOc7wtlV6OIiUfdLgkfp9I6Wh1sPQt5MhNbf6dy8X/+q1EhPUOimXcWJAsvGhIBHYRDj/Pu5xBcyIoSWUKW69YnZLFWXGhlRs9yCwQY7spMLPUtW3hbhedddmsU/yWqtkNquvQPD/5KLiegfuweleuX44Sa2ANtEW2kEeqqI6OkEN1EQMSXSPHtGT8+A8Oy/O63h0ypnsbKAfcN4+AWSMnlA=</latexit>

�0
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LRSM dark matter <latexit sha1_base64="TknpIR89e/ZvriS+z878leZLaVU=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbvJxqy3gBdPkoB5SLKE2clsMmb2wcysEEK+wIsHRbz6Sd78G2eTCCpa0FBUddPd5SecSWVZH8bK6tr6xmZuK7+9s7u3Xzg4bMk4FYQ2Scxj0fGxpJxFtKmY4rSTCIpDn9O2P77M/PY9FZLF0Y2aJNQL8TBiASNYaalx2y8ULdN1Kq5rIcusOOVqqayJneEC2aY1RxGWqPcL771BTNKQRopwLGXXthLlTbFQjHA6y/dSSRNMxnhIu5pGOKTSm84PnaFTrQxQEAtdkUJz9fvEFIdSTkJfd4ZYjeRvLxP/8rqpClxvyqIkVTQii0VBypGKUfY1GjBBieITTTARTN+KyAgLTJTOJq9D+PoU/U9aJdM+N52GU6xdL+PIwTGcwBnYUIUaXEEdmkCAwgM8wbNxZzwaL8bronXFWM4cwQ8Yb58lQY05</latexit>

Y
<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X
<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X

<latexit sha1_base64="sFQlwBW7FQ7YgWfqVE4+jiqPcX0=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GiZxzExuAS+eJAGzQDKEnk5N0qZnobtHCEO+wIsHRbz6Sd78GzuLoKIPCh7vVVFVz084k8qyPozc2vrG5lZ+u7Czu7d/UDw8ass4FRRaNOax6PpEAmcRtBRTHLqJABL6HDr+5Grud+5BSBZHt2qagBeSUcQCRonSUrM7KJYss1JzXKeKLdOuXLiuq0nVrtUuHVw2rQVKaIXGoPjeH8Y0DSFSlBMpe2UrUV5GhGKUw6zQTyUkhE7ICHqaRiQE6WWLQ2f4TCtDHMRCV6TwQv0+kZFQymno686QqLH87c3Fv7xeqgLXy1iUpAoiulwUpByrGM+/xkMmgCo+1YRQwfStmI6JIFTpbAo6hK9P8f+kXTHLVdNu2qX6zSqOPDpBp+gclZGD6ugaNVALUQToAT2hZ+POeDRejNdla85YzRyjHzDePgFeQI1h</latexit>

X

<latexit sha1_base64="kAVPR3A/0XEdOK23q+kxe1BXp40=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadndxCTeAl48SQLmAckSZie9yZjZBzOzQljyBV48KOLVT/Lm3zibRFDRgoaiqpvuLi/mTCrL+jBya+sbm1v57cLO7t7+QfHwqCOjRFBo04hHoucRCZyF0FZMcejFAkjgceh606vM796DkCwKb9UsBjcg45D5jBKlpVZvWCxZ5mW96lw42DItq+aUqxlxahWnjG2tZCihFZrD4vtgFNEkgFBRTqTs21as3JQIxSiHeWGQSIgJnZIx9DUNSQDSTReHzvGZVkbYj4SuUOGF+n0iJYGUs8DTnQFRE/nby8S/vH6i/LqbsjBOFIR0uchPOFYRzr7GIyaAKj7ThFDB9K2YToggVOlsCjqEr0/x/6TjmHbVrLQqpcbNKo48OkGn6BzZqIYa6Bo1URtRBOgBPaFn4854NF6M12VrzljNHKMfMN4+AR87jTU=</latexit>

X
<latexit sha1_base64="TknpIR89e/ZvriS+z878leZLaVU=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbvJxqy3gBdPkoB5SLKE2clsMmb2wcysEEK+wIsHRbz6Sd78G2eTCCpa0FBUddPd5SecSWVZH8bK6tr6xmZuK7+9s7u3Xzg4bMk4FYQ2Scxj0fGxpJxFtKmY4rSTCIpDn9O2P77M/PY9FZLF0Y2aJNQL8TBiASNYaalx2y8ULdN1Kq5rIcusOOVqqayJneEC2aY1RxGWqPcL771BTNKQRopwLGXXthLlTbFQjHA6y/dSSRNMxnhIu5pGOKTSm84PnaFTrQxQEAtdkUJz9fvEFIdSTkJfd4ZYjeRvLxP/8rqpClxvyqIkVTQii0VBypGKUfY1GjBBieITTTARTN+KyAgLTJTOJq9D+PoU/U9aJdM+N52GU6xdL+PIwTGcwBnYUIUaXEEdmkCAwgM8wbNxZzwaL8bronXFWM4cwQ8Yb58lQY05</latexit>

Y<latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm <latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm
<latexit sha1_base64="aP6CrgNTCpuiV8oqx97KcuEdVVc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNS0xuAS+eJIJ5SBLC7GSSDJnZXWZ6xbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4ilMEDIh5NZWV1b38hu5ra2d3b38vsHDRMlmvE6i2SkWwE1XIqQ10GA5K1Yc6oCyZvB+GLmN++4NiIKb2AS866iw1AMBKNgpdsO8HtIjZr28gXi+hWfFAkmbsn3/XLFEs8vn3kEey6Zo4CWqPXy751+xBLFQ2CSGtP2SAzdlGoQTPJprpMYHlM2pkPetjSkiptuOj94ik+s0seDSNsKAc/V7xMpVcZMVGA7FYWR+e3NxL+8dgKDcjcVYZwAD9li0SCRGCI8+x73heYM5MQSyrSwt2I2opoysBnlbAhfn+L/SaPoeiXXv/YL1atlHFl0hI7RKfLQOaqiS1RDdcSQQg/oCT072nl0XpzXRWvGWc4coh9w3j4B2kSRKQ==</latexit>sm

Gauge boson mixing dilution works, so does MN, Zhang ’24

<latexit sha1_base64="R5QzJZXhcBwp+dV9NrgtuPcXKYE="></latexit>
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<latexit sha1_base64="0MMERPnDWUT9wRh10s/b/td3edg=">AAACGHicdVBNSwMxEM36WetX1aOXYBE8yJItauutoAePVayKbS3ZdLaGZrNLkhXKsv/Ck6C/xZt49eZP8Wa2raCiDzI83swwL8+PBdeGkHdnanpmdm6+sFBcXFpeWS2trV/oKFEMmiwSkbryqQbBJTQNNwKuYgU09AVc+oOjvH95B0rzSJ6bYQydkPYlDzijxkrX7WMQhnbPbki3VCbuHqnUSA3/JlXsuWSEMpqg0S19tHsRS0KQhgmqdcsjsemkVBnOBGTFdqIhpmxA+9CyVNIQdCcdOc7wtlV6OIiUfdLgkfp9I6Wh1sPQt5MhNbf6dy8X/+q1EhPUOimXcWJAsvGhIBHYRDj/Pu5xBcyIoSWUKW69YnZLFWXGhlRs9yCwQY7spMLPUtW3hbhedddmsU/yWqtkNquvQPD/5KLiegfuweleuX44Sa2ANtEW2kEeqqI6OkEN1EQMSXSPHtGT8+A8Oy/O63h0ypnsbKAfcN4+AWSMnlA=</latexit>
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thanks for a great 
BLV ’24 meeting!


