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Summary



Seesaw model

Weinberg operator:

L = — (EC H )(FITKM) + H.c.

Type-l seesaw: SM + right-handed neutrinos + L violation
(Minkowski 1977; Yanagida 1979; Glashow 1979; Gell-Mann,
Ramond, Slansky 1979; Mohapatra, Senjanovic 1980)
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—L = I/LMDNR 9 ( CMRNR + h.c.
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U(1);., extension 4

U'(1) is a linear combination of U(1)y and U(1)p_; after the
spontaneous breaking of electroweak and B-L symmetry

Du =) ’l:leB# -+ ’L(giy -+ gIYBL)BL, = ’LleBu -+ ng(iU,lY -+ £BIYBL)BL

Most economical extension: |2/ = 1,2/ =0|| U(1)) =U(1)p_. and gx =g

A new scalar 5~(1,1,0,2) is introduced to break the U(1);_; symmetry
and generate the masses of right-handed neutrinos N,~(1,1,0,—1)

A new gauge boson Z' can get mass M, = 2g'vs from the kinetic term
Ly = (D,S)'(D"S)| with |D,S=0,S+i2¢B,S

The interaction for Z' and fermions ) is obtained from the kinetic term

Ly =iypy*Dyyp | with | Dy =0,9 +ig Y B,y

Production and decay of 7’ pp —Z — NN, 00, 771"




Exp. constraints :

LEP-1I lower bounds M,/ /g" = 6TeV | | LHC 13TeV 36 fb™ lower limit M ,; = 4.1TeV
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Exp. constraints :

Requirement of the U’ (1) charge:

Flavored U(l)(B—L)g

3 +Qy+Q3)+Q,+Q, +Q, =0

Quark charges | | Lepton charges

30y = Q. = 1] [ =0, =Q. =Q, =0

The Z' can only be produced through bb — Z' and
decay into 77t and a pair of one single heavy neutrino
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U(1);, extension

B-L accidental symmetry + Majorana neutrino masses

U'(1) is a linear combination of U(1)y and ,
U(1)p_, after the spontaneous breaking U(1)y,U(1)p-L — U(1)

of electroweak and B-L symmetry

anomaly cancellation | {—3 | Np| =) | neutrino masses

Yukawa interaction: |—£f =YPI, HNy + %YVM(NC)LNRS + h.c.

Np~(1,1,0,—1) S~(1,1,0,2)

After H, S receives the vev (H) = v/v/2 and (S) = vs/v2 , one has the
diagonalization of the mass matrix

NT< 0 mD)N*— (m,, 0 ) with MRZYVMvs/ﬁ

mip) M 0 My mp = YVD’U/\/§




U(1);, extension

. ] VL vy, UV
Eigenstate transformation: =N , N
(N°)p (N°)y XY

mass

The PMNS matrix and light-heavy mixing matrix:

E'U = Upyns : E'WV =V,n| E diagonalize the charged lepton mass matrix

Relation between mixing matrices and mass eigenvalues:
mf,ﬁag — (mla ma, m3)

Mj(ffiag — (MN17 MN27 MN3)

Uprnsmy, U ITDMNS + %&Mﬁag‘@v =0

Casas-Ibarra parametrization: . :
For simplicity, we take the arbitrary

diag\1/2 diag\—1/2 h | | i Q=1
Vin = UPMNS (myzag) / Q( M ng) / orthogonal complex matrix as

C12C13 C13812 e ’s13
~ ’ : i®, /2 i®, /2
Upmns = | —ci2513523€ — co3s12 C1aca3 — €°512813803 13823 | X dlag(e Ve, e )

is i5
812823 — €'C12C23813  —C23812813€" — 12823  C13C23




Mixing parameters
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Tree-flavor oscillation parameters [NuFIT 5.0 (2020)]
Normal Ordering (best fit) Inverted Ordering (Ax? = 7.1)
bfp 1o 30 range bfp 1o 30 range
sin? 612 0.30470:015 0.269 — 0.343 0.30470:015 0.269 — 0.343
g | 012/° 33.4410-7" 31.27 — 35.86 33.4570° 7% 31.27 — 35.87
e,
% sin? 023 0.573150%0 0.415 — 0.616 0.57510°015 0.419 — 0.617
s% 023 /° 49.2199 40.1 — 51.7 49.3797 40.3 — 51.8
o
% sin? 6,3 0.02219719:29962  0,02032 — 0.02410 | 0.0223819-9296%  (0.02052 — 0.02428
x| O /° 8.571012 8.20 — 8.93 8.601912 8.24 — 8.96
g dcp/° 19727 120 — 369 2827126 193 — 352
Am%l +0.21 +0.21
W 7.42_0_20 6.82 — 8.04 7.42_0_20 6.82 — 8.04
Amge +0.026 4+0.028
Tos oz | T2BITIGRRE  +2435 > 42598 | —2.49810705%  —2.581 — —2.414




Decay patterns of N

Asymptotic behavior holds when |My, > My, Mz, M,

D(N; = Y CWF)mT(Ni =Y vZ+0Z)~T(N;i— Y vh+h)

Partial decay width

GF
8v/2m

Benchmark decay branching ratios of N. for NH(IH) case

D(N; = FWT) =

o+ (1= 2

BR(V;) eTWT pEWF TEWT

Ny 17% (17%) | 1.85% (3.8%) | 6.15% (4.2%)

Ny |7.43% (7.43%)|9.15% (7.14%) |8.42% (10.43%)

N3  10.55% (0.56%)| 14% (14.04%) {10.45% (10.4%)




LNV signature
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In the U(1) 5_,, model, the most The major irreducible SM backgrounds
appealing signal channel is include
bb— Z' — NN — Er¥WFWT ttW= — bbW=W*WT
ith hadronically decaying W b ~
with hadronically decaying oson e ij
ttZ — bbW W=7
ut/crjj ot pt
WZ + jets
ttut pt)rt



Reconstruction & Cuts .

Charged leptons
- select events with exactly one muon and one tau with same sign
« Muon with|n(n)| <2.4, pr>25GeV and tau with |n(7) | <2.5, pr>25GeV

W boson
 Resolved W
« reconstruct each W boson from two resolved jets with|n| <2.4,
pr>25GeV
 Boosted W
- The fat jet is reconstructed via the anti-kT algorithm with R=0.8. The
fat jet with 65<M;<95GeV, p+(J)>250GeV and | n(J) | <2.5 is identified
as boosted W candidate

Reconstruct Ny

« Given the same-sign . and t and the two reconstructed W bosons, we find
the combination that minimizes AR(., W,) + AR(t, W,) and then construct
N:and N- respectively denoting the heavy neutrino decay into u and t

« Apply pr and mass window cut: p;(N+)>250GeV, p(N*)>200GeV,

I MNu-MN I <0'1MN;



Event fraction / 20 GeV

Event fraction / 20 GeV

Distributions

0.2~ My = 2TeV, My = My /4
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Projected sensitivity
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The significance is calculated by the Gaussian method S/v B
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lS—LXUOXQXBR(W —qq') X €Exn
oo =o(pp = Z' = NN) x BR(N = 7=W7¥) x BR(N — (FW7)
€ W71 1 1 Z 101 5
g L Vs =14 TeV L=3ab" _i E S Vs =100 TeV L =30ab! NH IH ;
Lk 50 1 & N=N — -]
o107k 4 = 10
-H; 3 e C
(I U S S 11
= F T z :
~ 103k NH 0 s ] = 95% CL
\T E N=N; — oo TI3sol = T -1
N o TR T on 0TF
p 0 EN=Ny — - TSRmae N :
s [N=N — - 1 =
%10‘5""'1"'111111111'510—2. A N R R

1.0 1.5 2.0 2.5 30 ° 1.0 1.5 2.0 2.5 3.0

M 7! [T()\’r] M 1 [Te'\/" ]

The HL-LHC can produce at most 20 LNV events for M- = 1 TeV and
cannot reach 50 discovery

The FCC-hh can discover the LNV signal with tau lepton for Mz up to 3
TeV and N = N; with the fixed g’ = 0.6 and the integrated luminosity of
30 ab-1



Projected sensitivity -

Projected sensitivity of the gauge coupling g’ versus M.
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- The gray curve shows the 95% C.L. limit from the search for 7z’ — rz at LHC
- The searches for Z' — bb or Z' — tt do not place severe constraint
 The gauge coupling g’ down to 0.12 (0.07) can be probed through the LNV

signature with tau lepton by the FCC-hh with the integrated luminosity of
3 (30) ab-tand Mz = 1 TeV.



Summary .

The lepton number violation at colliders can be probed by the
U(1)p_; extension of the canonical Type I Seesaw

Flavored U(1)_1), model has weaker constraints from experiments

The HL-LHC cannot reach 50 discovery for heavy neutrinos

The FCC-hh can discover the LNV signal with tau lepton for M,. up
to 2.2 (3) TeV with g’ = 0.6 and the integrated luminosity of 3 (30)
ab-1

The gauge coupling g’ down to 0.12 (0.07) can be probed through
the LNV signature with tau lepton by the FCC-hh with the
integrated luminosity of 3 (30) ab-1 and M, = 1 TeV.



Backup .

Lesson 1: two necessary conditions to test a seesaw model with
heavy right-handed Majorana neutrinos at the LHC:

---Masses of heavy Majorana neutrinos must be of O (1) TeV or below

---Light-heavy neutrino mixing (i.e. M_D/M_R) must be large enough

Lesson 2: non-unitarity of the light v flavor mixing matrix might
lead to observable effects in v oscillations and rare processes.

Lesson 3: nontrivial limits on heavy Majorana v’s could be derived at
the LHC, if the SM backgrounds are small for a specific final state.
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Backup

Lepton number violation: like-sign dilepton events at hadron
colliders, such as Tevatron (~2 TeV) and LHC (~14 TeV).

collider analogue to Ovp decay

dominant channel
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N can be produced on resonance

arXiv:0901.3589 [hep-ph] 23 Jan 2009



