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1 Introduction

® The motivation of studying the LFV and LNV processes at the same-sign muon
colliders
LFV: ptut — riet piyt o etet
LNV: pfut > wiwe

1, the LFV processes do not depend on the large flavor mixing parameters, for example
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1 Introduction

2 , strict constraints from the nuclear Ov2p3 decays
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3, the muon collider can reach higher collider energy comparted with the electron collider
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1 Introduction

®» Possible contributions in NP

Wi contribute to the LFV processes at the
- Majorana neutrinos ‘ one—loop level; contribute to the LNV

processes at the tree level
Wk

- . contribute to the LFV and LNV processes
el @l A — contribute to the

® The meaning of observing LFV and LNV at the same-sign muon collider

1, providing definite evidences of NP beyond the SM
2, 1dentifying the nature of neutrinos

3, searching new particle: doubly charged Higgs



2 Theoretical calculation

® Types of NP
Type | new physics (T1-NP) Majorana neutrinos; W;
Type Il new physics (T11-NP) Majorana neutrinos; W;; Why

Type 11 new physics (THH-NP) Majorana neutrinos; W;; Wpy; doubly charged Higgs

— TI-NP: B-LSSM, NMSSM, ...

representative NP models | —  TII-NP: LRSM without triplet

~— THI-NP: LRSM, LRSSM,,...

The needed Lagrangian for TI-NP can be extracted from B-LSSM, and for TII-NP, TI11-NP can be
extracted from LRSM.




2 Theoretical calculation

® Majorana neutrinos in the B-LSSM

New U(1)g_;, three right-handed neutrinos and two scalar singlets are introduced in the B-LSSM, then
the tiny neutrino masses can be obtained by the Type-I seesaw mechanism

0 M)
Mp Mg

The mass matrix above can be diagonalized by a unitary matrix U,

0 M? m, 0
Ur Dlu, = _
v (MD MR> L ( 0 MN>

where m,, = diag(mvl,mVZ,mv3), My = diag(le,mNz,mNB). The unitary matrix U,, reads

U s
UV:(T V)



2 Theoretical calculation k

The Lagrangian involving leptons and W boson in the B-LSSM

, 3
Lg2 _ _
LE/L = EZ[UUBL')/#PLV]'WL;M + SijeiyuPLIVjWL,u + h. C.]
j=1
The relevant couplings of leptons and Goldstones are
_ 3
[BL = 92 5. |(ME - T*). Pp — (- U);iP, | viG
G _\/ZM ei(D' )in—(mz' )ijLVjL+
Wi =1

e; [(M{) LV )UPR — (M, -S)ijPL] NGy + h. c.}

We can define Sf = Y3_, |S{:|(i = e, u, T) to describe the strength of light-heavy neutrino mixings.



2 Theoretical calculation k

B Majorana neutrinos in the LRSM

New SU(2)g, three right-handed neutrinos and two scalar trilets are introduced in the LRSM, then
the tiny neutrino masses can be obtained by the Type-I+II seesaw mechanism

M, M)}
Mp Mg
The mass matrix can also be diagonalized by the unitary matrix U,,. The W boson mass matrix in the

LRSM can be written as

g_g(W W) vi+ vi + 20 20,0, (WL)
4~ TR 20, vi + vs + 2v5 ) \Wg

The physical masses of the two W bosons are

9> 2 92
MW1 z7(v12+1722)2, MW = —

v
2" \2 R



2 Theoretical calculation

The mass eigenstates W, W, are related to the gauge eigenstates W;, Wy by

(W) = (Sng cose) (i)

Where tan ¢ = % The Lagrangian involving leptons and W boson in the LRSM
(vg—vi)
, 3
l
Ui A= %z [e‘i(cos ¢ U;jy*P, +sin{ T[}y”PR)ijm + e'l-(cos {T;}-y’"PR —sin( Uijy“PL)ijZ,u
j=1

+e_i(C05 ¢SijyHP, +sing Vi’;y“PR)NjWM + e_l-(cos { Vi’;-y""PR — sin(Sijy“PL)NjWZ,u + h. c.]

The relevant couplings of leptons and Goldstones in the LRSM are
3

Z {e‘i |A1iiPL + A2iiPr|viGL + €| A3, PL + A4, Pr|N; Gy
j=1
+e_i()'5,ijPL)ijR + e_i(/16’ijPL)NjGR + h. C.}

V2My,,

MW1 M;- . T, ).6 — MW1 M;' . V*

My, My,

where A, = —m] - U, A, = M} -T*, 23 =-m] -S, 4, =M} -v*, 25 =




2 Theoretical calculation k

The Lagrangian involving leptons and doubly charged Higgs in the LRSM
Ly = i2Yy;;8PLef Aj~ + i2Yp;;8Pref AR~ + h.c.

The Lagrangian involving W bosons and doubly charged Higgs in the LRSM
Liww = lﬁg%VLAZ_WfHWfL + iV2g%v; sin{ AZ_W1M+ w3,
+iV2g3vg sin ¢ AW W, + iV2g2vp AR WETWS, + hec.

® The relevant Lagrangian for TI-NP, TII-NP and TII1-NP
TI-NP: £BL, rBL
TH-NP: LR, LER

THI-NP: LLR. cLRO LERO IR



2 Theoretical calculation k

® The leading order contributions from Majorana neutrinos and doubly charged

Higgs to the LFV processes

W /W, W/ Wa
s ANANN () i) s ANNN—— (k1)

f/lrf"fia\‘rlr [4% J,a"f;a\"rlg'. })‘”"f;\rlr Uy, f;\rlg'.
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Fig. 1. The leading order contributions from Majorana neutrinos (left) and doubly charged Higgs (right) to the LFV
processes in the Feynman gauge.



2 Theoretical calculation k

The amplitude can be simplified by neglecting charged lepton masses
7

i
M(Miﬂiﬁlili)=16nzz z cXYoX¥

i=1 X,Y=L,R

where
Of(y > ﬁ(kl)yHPXuC(kz)uC(pz)]/”Pyu(pl)

05" = W(ky)PFyaPyu (k)u (p2)k! yp Pyu(py)
Og(y = 1 (ky) Pxu(ky)u(py) Pyu(ps)
0% = W(ky)y, Pxu’ (k)u (p)y* kg v Pru(py)
Oé(y = ﬁ(kl)y“pf‘yaPXuc(kz)ﬁ(pz)y”Pyu(pl)
0% = wlle))Pyuc (ko )u (p) k1 vs Pyu(py)
07" = (k) pTvaPxu’ (k)uc (p) Pyu(p;)
The coefficients contributed by doubly charged Higgs can be read directly
4YR22YR jj

) ,J] ['El' | |
R

2 ]
(pl + Pz)z - MAfi + lMAfiFAfi

C(a1*) = F
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2 Theoretical calculation k

The dominant decay channels of doubly charged Higgs:
A%i N lili’ I/Vlivvli

A%i N lili, VVZiVVZi(*), Vl/zivl/zi

® The leading order contributions from Majorana neutrinos and doubly charged

Higgs to the LNV processes

1 (p1)

Wi(k1)

o (p1)

Y

(2)

w(p1) Wi(k1)

(3)

Fig. 2. The leading order contributions from Majorana neutrinos (1, 2) and doubly charged Higgs (3) to the LNV
Processes.



2 Theoretical calculation k

Summing up the fermions‘ spin and gauge bosons’ polarizations, the squared amplitude for the LNV processes can
be obtained

g2
Mt > wEWE)|" = 2 {([c) + |t |) Miy, @ps - aps - g +
MW1
2 2
Miy,p1 - P2/2) + 2|CH | ey - ko (py - ko)? + 2|Cat ke - ko (py - 2)* +
R(Cllcll*)[zm - pa(ky - k) + Mlﬁll(?)Mlﬁflm ‘P2 — 4p1 - kip1 - kz) —
2kq - ko ((py - k1)? + (py - kz)z)}

4
2 9>
|M(“i“i ¢ W1iW2i)| 2 1s2 {lctlzl 4MW MW p1 - ki(p2 - k1 —
2M3, M,
p1 - P2) + 8Mj p; - k1P2 - ky(ky - ky — p1 - kp) — My, (Mg, py - p +
2D - kap1 - k) + 4(py - k1)? (Miy,p1 - D2 + 2p2 - kopy - k2)] +

2
|Czlcz| [4MI;V1MI%VZP1 ky(py - ky —p1 - p2) + 8M5V2p1 s Kapy - kq(kq - ks
—p1 - k1) — My, (M, p1 - P2 + 23 - kypy - ky) +

4(py - k2)? (M, p1 - D2 + 2Pz - k1py - k1)]}




2 Theoretical calculation k

4
[0 (uEpt > wiEwt)|” ~ T2 (|22 +|c22|") M3, @py - Kapy - Ky +
MW1

2 2

My, D1 - P2/2) + 2|CF2| ky - ko(p1 - k1) + 2|CH [ Tky - ko (py - k) +
R(Ctzzczztz*)[zm - po(ky - kp)? + MI%/Z (3M1%/2P1 ‘P2 — 4Py - kip1 kz) .
2kq - ko ((p1 - k1)* + (py - kz)z)}

where
11 2 2 MN] 2\/§YL,22VL
C;™ = cos C(Szj) o 7 :
MN ZﬁYL,szL

Cil =cos? (S +
(5 u—My 5= M +ily My,
T, U, V5:Syi
Cl?2 = cos? ¢ [ = 221 + 2 Zé




2 Theoretical calculation

2
C2? = cos? ¢ (VZ*) =+ BN
ARTES My, s— Mz, + iTagMa,

+ o+ +r |2 - - Lo +17 ) [2
| M (ptpt > WEWE)|™ in TI-NP and TH-NP can be obtained by setting ¥, 5, = 0; | M (ptpt - W W,5)|
in T1-NP can be obtained by setting Yz 5, = 0. The results of o(utu® - W W) in TI-NP and T1I-NP are
similar; The results of o(u*u* > W W,T) in T1I-NP and T111-NP are similar.




3 Numerical results

®» Experimental constraints

For simplicity, the mass matrix of heavy neutrinos is assumed to be diagonal, the Yukawa coupling of
charged leptons and doubly charged Higgs is assumed to be diagonal Y; = diag (Yee, Y b Yn)- Considering
the sensitivity of future HL-LHC, we take

Sﬁ < 0.01, S? <0.01

Y,. and S2 suffer strict constraints from the nuclear 0v2p decays experimentally,
Y,, < 0.04, S2<107°

The experimental constraints on the right-handed W boson, doubly charged Higgs and neutrino masses

1\4“/2 > 48 TeV7 MAfi > 08 TeV’ MA%

3
+ > 0.65 TeV, vai <0.12 eV
i=1



3 Numerical results

m» Numerical results for the LFV processes
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Fig. 3. Taking My, = 1.0 TeV,My, = 3.0 TeV,57 = 107>,SZ = 0.01 and v/s = 5 TeV, o(u*u* - I*I1*) versus S7 are plotted,
where (a) forl =z, (b) for [ = e. The solid, dashed and dotted curves denote the results for My, = 1.0,2.0,3.0 TeV. The black
curves denotes the results in TI-NP, the red curves denotes the results in TII-NP with M, = 5TeV, the blue curves denotes the
results in THI-NP with My,, = 5.0 TeV. M,++ = 3.0 TeV,Y,, = 0.04,Y,, = 1.0,Y;; = 1.0.



Numerical results
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Fig. 4. Taking My, = 1.0 TeV,My, = 2.0 TeV, My, = 3.0 TeV,SZ = 107> ,S7 = 10~*and S7 = 0.01, o(u*p* — [FIF)versus /s
are plotted, where (a) for [ = 7, (b) for l = e. The black curves denotes the results in TI-NP . The red solid, dashed, dotted curves
denote the results in TII-NP with My,, = 5 TeV for My, = 5,7,9 TeV respectively. The blue curves denote the results in T111-NP

with My,, = 5.0 TeV,Y,, = 0.04, Y,, = 1.0, Y;; = 1.0, where the solid curves denote the results for MAF = 10.0 TeV, MA}%i =
11.0 TeV, the dashed curves denote the results for MA,’—f“—“ = 5.0 TeV, MA%J_r = 15.0 TeV, the dotted curves denote the results
for MAii = 2.0TeV, MAii = 4.0 TeV.
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3 Numerical results
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Fig. 5. My, = 1.0 TeV, My, = 2.0 TeV, My,= 3.0 TeV, §¢=107>,5Z = 0.01 and+/s = 5.0 TeV, the angle distributions of the
processes uTu* — [T1* are plotted, where (a) for [ = 7, (b) for | = e. The solid, dashed and dotted curves denote the results for S =
1076, 10~*. 1072 respectively. The black curves denotes the results in TI-NP, the red curves denotes the results in TI1I-NP with
My, = 5.0 TeV, the blue curves denotes the results in TIHI-NP with My, = 5.0TeV, MAF =M ,++ = 3.0TeV, Y,, =0.04,Y,, =

T =
1.0 and Y, = 1.0.
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3 Numerical results

® Numerical results for the LNV processes

)
S
S
?
-3
2
)
107° - - '
1078 1075 10~ 0.001
S,

Fig. 6. Taking My, = 2.0TeV,\/s = 15.0 TeV, o (ui’ui - WiJ—’WjJ—’) versus S? are plotted, where the black solid curve denotes the

results in TI-NP for W;W; = W, W, the red dashed and red dotted curves denote the results in TII-NP with My, = 5.0 TeV for
W;w; = WiW, and W;W; = W, W, respectively, the blue solid and blue dotted curves denote the results in THI-NP with My, =
5.0 TeV, MAF = 10.0 TeV, MAziei = 11.0 TeV, Y, = 1.0 for W;W; = W; W, and W;W; = W, W, respectively.



3 Numerical results
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Fig. 7. Taking My, = 2.0 TeV, S2 = 107%, ¢ (yiui - WiinJ—“) versus /s are plotted, where the solid, dashed, dotted curves denote

w,w; = wiw,, WiW; = W,Ww,, W, W, = W,W, respectively. The black curves denotes the results in TI-NP. The red curves denotes
the results in TI1I-NP with My,, = 5.0 TeV. The blue curves denotes the results in TIH1-NP with My,, = 5.0 TeV, Y,, = 1.0, where (a)
for MAZ_rJ_r = 10.0 TeV, Mﬂﬁi = 11.0 TeV and (b) for MAfi = 5.0 TeV, MAﬁi = 15.0 TeV.
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Fig. 8. Taking My, = 2.0TeV, Sﬁ = 1074, My, = 5.0 TeV, the angle distributions of the LNV processes are plotted. (a): the angle

distributions of u*u* — W W, with /s = 5.0 TeV, the black curve denotes the results in TI-NP, the blue solid, blue dashed, blue dotted
curves denote the results in TH1-NP with Y,,, = 1.0 for M att = Mpse =3+ 5. 7TeV respectively. (b): the angle distributions of u*u® —

WEW,E with /s = 7.0 TeV, where the red curve denotes the results in TII-NP. (c): the angle distributions of uTu* — W Wt with /s =
12.0 TeV, the red curve denotes the results in TII-NP, the blue solid, blue dashed, blue dotted curves denote the results in TI11-NP with =

1.0 for M ++ = M \++ = 7,12,15 TeV respectively.
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1. The contributions in the three types of NP to the LFV and LNV processes can be
Identified by observing the cross sections of these processes at the same-sign muon
colliders.

2. The angle distributions of LFV processes are flat in all three types of NP, and observing
the angle distributions of LNV processes at the same-sign muon colliders can help to
Identify the contributions to these LNV processes come from Majorana neutrinos or
doubly charged Higgs.

3. The high-energy same-sign muon colliders are effective to observe the doubly
charged Higgs through the LFV and LNV processes.
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