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O Summary



Motivation

e Since the last century, a large number of neutrino oscillation

experiments provide clear and compelling evidence that neutrinos
have non-zero, but very small masses. [t is obviously contrary to
the prediction of SM (neutrinos are massless) !!!




Motivation

o Jtis well-known that, an economical way to generate
neutrino mass in the SM content is through the dim-5

effective operator “Weinberg operator’
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e There are only three ultraviolet (UV) completions of

this “Weinberg operator  at tree level:

Type I Seesaw . 5t /2 6t
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Motivation

e Currently, the charged Higgs (//~, /™) in the Type-II Seesaw and

heavy fermions (£, V) in the Type-III Seesaw have been extensively
studied at the LHC and lepton colliders, and their mass limits are
approaching 1 TeV.

To explore the heavier charged Higgs and heavy fermions,
we need a collider with higher energy and luminosity!



Motivation

° ° m2 mZ
* The hierarchy problem of neutrino masses: . -, A
s v
The neutrino oscillations are sensitive to the differences — \/:
: 2 __ .2 2

between the squares of the neutrino masses (Aml.j =m; —m ). 17| em— m2__m22
But !!! It 1s presently unknown whether m32 1s heavier or lighter i & L2
than the other two. ~2x107eV? Moo

m,> L e —— ~2x107%eV?

4 solar~7x105e V2

m 2L mfaaa—— - _ L my?

Normal Hierarchy (NH) : m32 > m22 > ml2 ) ’
0 ¥ = 0

Inverted Hierarchy (IH) : m22 > ml2 > m32

Can the colliders provide assistance to distinguish
between the mass hierarchies of neutrinos, NH or I1H?




Muon collider

e Recently, high energy muon colliders have received much attention in
the community due to the technological developments.
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In this work, we investigate the search for the /7=, //= (Type-II Seeaw)
and —, N (Type-III Seesaw) mechanisms at high-energy muon colliders.




Muon collider AE ~ = (Eys

e The advantages of muon colliders : S "

Higher energy : Compared with the e e collider, the synchrotron radiation of the
muon collider 1s smaller. With the same size, muon collider can
achieve higher energy.

Higher luminosity : Muon collider can achieve higher integrated luminosity.

“Hard” Scattering
9 outgoing parton
Vs ~1
£ —_— 1 O T V X ].0 ab proton _ ¢>~ proton
“,.,.'. -
e underlying event gggi underlying event
= o Initial-state
More efficient: radiation

, final-state
outgoing parton radiation

Compared to proton collider, muon collider has a higher energy utilization.
Additionally, muon colliders have a more clean background.




Muon collider

e We simulate and study the search potential of Type-II and Type-III Seesaw

mechanisms at muon collider, by using the MadGraph, Madspin, Pythia and
Delphes ...

MadGraph5 N Madspin (generate parton-level envents)
Pythla 8 (parton-shower)

\ @

De|phes 3 (simulate the detector of collider)  Derpmes

fast simulation

© MadGraph5_aMC@NLO




Type 11 Seesaw

A VHTHT oyt

H™ T H™ N 2. HH— > W*WW-W-

Type-1I Seesaw | S 191
j2E=g 2 e

N 4. H¥*HF - W=W*W+Z

[1] T. Li, C.Y. Yao, M.Yuan “Revealing the origin of neutrino masses through
the Type II Seesaw mechanism at high-energy muon colliders,” JHEP 03 (2023) 137
[arXiv:2301.07274 [hep-ph]]
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Type 11 Seesaw

We can distinguish the NH and IH by the
different distributions of decay channel !

 According to the neutrino oscillation data, we scan the branching ratios of
charged Higgs leptonic decay versus the lightest neutrino mass for NH

and [H , with @, = @, = 0 (Majorana phase).
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Type 11 Seesaw

e The pair productions of the charged Higgs (H~H**, H-~H¥) at muon collider

utu~ annihilation: u Ty~ — HYTH ™~
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Type 11 Seesaw

e The cross sections of /™ "H ™~ pair production at muon

collider, through 1™~ annihilation (dashed lines) and
VBS (dotted lines) processes.
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Channel 1: H""H™ ™ = u u"u u-

e SM background: "y, VV - ututuu-

\/g = 10 TeV mg++ = 3 TeV

signal

background

—_
B
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|||||| T T T
O

We employ some cuts for the tinal states (m,,+,+, pr(#),...) to suppress the

Mp++| < mg++/5. ———

—_
5
N

background , such as

event fraction / 50 GeV

M+, + —

=

lllllllll

1000 2000 3000 1000 5000
Tyt [GGV]

—_
N
w

(1 We use the following formula to evaluate the significance:

Ns Ng = (cAmgAm i GVBSGVBS)  BR2(HH _y it ut) x [

V/Ns +Np Ng = (chmghm | GVBSGVBS) . 1

(2) The benchmark choices of the collider energies and the
corresponding integrated luminosities are ( /3

\/E 3TeV |10 TeV |30 TeV
P ‘ 1 ab~! ‘ 10 ab~" ‘ 90 ab~! _/

Type II Seesaw 14



: ++7—— T
Channel 1: H™H — U U U U Vs | 3TeV |10 TeV |30 TeV
% ‘ 1 ab~! ‘ 10 ab~! ‘ 90 ab™!

e The analyzation of the integrated luminosities

12— V5 =3TeV Py s=10TeV V5 =30TeV

| 107
. 102,
PR
S, 101E
KI F,
10%

1_3_ — 1_2_"""""""'1"' 10_1? T S S B

0 300 1000 1200 1400 0 1000 2000 3000 4000 1000 5000 9000 13000

T f++ [GGV] T g ++ [GGV] TN g++ [Ge\/]

(1) The doubly charged Higgs in NH mass pattern will be discovered.

(2) The 5o significance can be reached in IH for my.. < 1.0, 3.5, 10 TeV, respectively.

Type II Seesaw 10



Channel1: H"H ~ - u u u—u"

e The reachable limits of BR(H™" — u"u™) corresponding to 5¢ or 20 significance
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(1) With \/E =3 TeV and my.. = 1.3 TeV, BR(H™™ — u"u™) can approach 15.8% (7.6%) for 50 (20).
(2) With \/E = 10 TeV and my.. = 3 TeV, BR(H™™ — u*u™) can approach 8.3% (4.2%) for 5¢ (20).
(3) With \/E = 10 TeV and my.. = 3 TeV, BR(H™ — u*u™) can approach 9.3% (4.6%) for 5¢ (20).

14000

Type 11 Seesaw
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Channel2: HT"TH ™ > W"WTW W~ —urtvv.JJ
e SM background:
Bywi1:ptp ,VV - WWIW W™ — p*pu™ (1/;) (V_u)j 7979, \/s ‘ 3 TeV ‘10 TeV ‘30 TeV
Bawa : VV - WWWTZ — ppu™ (1/_:(1/_/3] 777, Z | 1ab~! |10 ab~! 90 ab™!

- (=) (=), = . .
B4W,3 . VV — t(_;,b W) t(_>5 w-) W:I: — /I,:I:/Li v, VY, b b] ] -

e The analyzation of the integrated luminosities
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Channel 3: H-"H¥ — u~u~u*v
e SM background:

B3£,1 :
B3e,2 :
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Type 11 Seesaw
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Only be generated by VBS processes.
Only consider the case of 10 and 30TeV.
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Channel4: H""H™ - W"W™W~Z
e SM background:

- (=) (=)

Baw, : ptp=,VV - WWW W™ = p*py* v, v,55357,
Baw o VV - W WW¥tZ — L :,ujt (z/ﬂ) (Vu)J 17977,

- i + + (=) (=)
Baw,s VV = tow+ tos wo) W= — pp Vy Uy b bjj.

o Although the cuts are efficient for suppressing the backgrounds, the rates of backgrounds are still

far larger than the signal. As we have seen, it is not optimistic to probe the charged Higgs at
muon collider through this channel.

o (pb) X €

Nno cuts basic

My 7 rec. mw z mr
«xBRs | (0 x100% x BRs) | cuts | My, +15GeV | Eq. (3.11) | Eq. (3.13)
S 1.15%1077 8.72x1078 5.04x1078 4.85%107% | 4.80x10~8
Byw 1 2.60x1073 1.41x1073 5.78x104 1.16x107% | 4.88x107?
Byw2 4.70x 104 1.33x10~4 5.12x107° 1.01x107° | 4.54%x107°
Bawa 1.78x 1074 8.38x 107 5.09x1078 — —
Type II Seesaw in 2301.07274




Type 111 Seesaw

1. ETE - W™W
e <
N 2. EtYE- > WWZZ

Type-I1I Seesaw N -
F~N — 3.E*N = ZWHu*u~

NN — 4 NN-> WWHu=u~

(2] T. Li, H. Qin, C.Y. Yao, M.Yuan “Probing heavy triplet leptons of the type-
[T Seesaw mechanism at future muon colliders,” Phys.Rev.D 106 (2022) 3, 035021
[arXiv:2205.04214 [hep-ph]]




Type 111 Seesaw

e The pair productions of the heavy fermions (£"E~, E=N, NN) at muon collider.

i

(a) (b)
v/ 2 . E+E~ + -
Y/ Z E* w E* (N) L B L B s i | |E|E||
Mg+ =0.5 TeV |: E— \/§=3Te\/ E
Et V (E2 Mg+ =1TeV | —— /s=10TeV ||
Vs =20TeV _
v/ Z E- W E~ (N) \/EZBOTGVE
©) (d)
W EX W N E
W
E*
/% N 1/Z E*
(e) ()
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A. ETE~ pair production

\/E ‘ 3 TeV ‘10 TeV ‘30 TeV
Channel 1: E+E_ —> W_I_W_I/D W= — ] ] 2| 1ab~! | 10 ab=! |90 ab~!

e SM backgrounds: u u=, VVo> W W Z-> W W

vVs=3TeV Mpg:=1TeV

101 signal
It . b . l t‘ . t‘ lt ?.5 ‘ background
. . ° o 1S ODVIOUSLY an opumistic resu = |
* The integrated luminosities o vOusty 2 OP N C
but it is impossible to reconstruct £~. = __
L EesTV /ﬁmevé 5
Y — 90 07656 @0 600 8001000
g-1L —— bo / 100; —— 5o - (W) [GeV]
. | L
S, | S,
' 1071E -
-2 . ]
107000 1100 1200 1300 1400 1000 2000 3000 4000 5000
M ) De= [Ge\/] M E+ [Ge\/]
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_ /s=3TeV Mp:=1TeV

—_
(-}
(e

O T UL | T UL | T T T T 1717

signal

background

A. ETE~ pair production

—_
(-
L

Channel2: ETE- > Z Z u u~ 27
e SM backgrounds: u u~, VV > ZZ u u~

—_
=
N}

event fraction / 50 GeV

—_
=
w

TE00 1000 1500 2000

Mz, [GeV]
Vs | 3TeV |10 TeV |30 TeV
 The integrated luminosities 4|—|—|7
Z | 1ab”! [10ab~! 190 ab~!

(1) The £, and £; heavy

10! £ leptons can be discovered.
_% _
o (2) To discover £, we

need higher integrated
10° | luminosities.
e 100 SR ST (T S SR RS S S S S
1000 1100 1200 1300 1400 1000 2000 3000 4000 5000
M DE= [GGV] M Ex [GGV]
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B. EXN pair production

. F,, X, T
* LN = LW H H LNV When Mg, > 6 TeV, it is difficult to
SM backgrounds: ZWFWEWE = ZWT . + U 0 generate more than one signal event.
Vs=30TeV 0.30———————— /EZ?OTGV .
| —— Ng=10 -
(125? —— No=5 i

102E

Z n
10"
100—_ T \\I \\\\\\ T \\T\:‘ N T T T
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
My |GeV] My [GeV]

o The result of channel C. N N - WFW¥u=u™ is similar

Type III Seesaw 24




Heavy Neutral Lepton heavy neturino
- Type | Seeaw

» Recently, we study the search potential of heavy neutral lepton (HNL) at ~ Type lll Seesaw
muon collider. (The mixing matrix V,y transiting HNL to charged leptons

in the mass basis) 1] K.Mekala, J.Reuter, A.F.Zarnecki 2301.02602

2] T.H.Kwok, L.Li, T.Liu, A.Rock 2301.05177

/ 3] P.Li, Z.Liu, K.F.Lyu 2301.07117

There are a few studies of searching for HNL at muon collider, they
proposed that an HNL can be produced together with a light neutrino.

M—I_(PZ) Ve/'r(kQ)

ptuT — Nopg — 05 0qq

This channel cannot directly tell whether q
the HNL is Dirac or Majorana fermion u=(p1) N,/ (k1)
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Heavy Neutral Lepton

e We propose a clear way to search for heavy Majorana neutrino

through LNV signature at muon collider.

W:

~Z [y — b

-N =/

4

W

- = (0 qq

[3] T. Li, C.Y. Yao, M. Yuan arXiv: 2306.17368

VBS

e We separate |V, y | from the cross section and select some cuts to suppress

the SM background as mentioned earlier.

o (Vi'V

HNL

—UiN = 0705q7) ~o (V; V; - 4N
Ve, nVe,n|?

Zfze,,u,'r ‘WN ‘ ?

) X BR(N = £347) X (2 — d¢,0,)

X 0g X (2 — 5g1g2) ,

\/s =3,10 and 30 TeV
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Heavy Neutral Lepton

e The 20 exclusion limits for |V, \

W=Z/y =N — £ WT — 05407qq

. 103 —-
As a comparison, the results of channel “—Z z
u* = — Nuv in other studies are shown. =01 __
10_5? “x \X\%-,\;& ;Z : £+£+ (+0*qq E
| N oo ix
The probing potential of |V N\ iIs worse than | B N [ A VAV
_ NIRRT S Y
that from other annihilation channel. 1072 L o e g— —— 10 TeV:
: s o
0 ey g = —— 30 TeV/
But we provide smoking-gun LNV signatures - : ST —
10 10 10

as a complement through VBS process. 5301 05177 my [GeV]  2301.07117
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Heavy Neutral Lepton

e The 20 exclusion limits for |V,,|* and |V, Vol

The probing potential of |V, |* is stronger than that from x*u~ — N v channel.

HNL



Summary

e Muon collider combines the advantages of e"¢~ and pp colliders with higher
energy and luminosity. It has tremendous potential in high-energy physics

research and provides many opportunities to explore new physics beyond
the SM.

* For the Type-11 Seesaw, we study the search potential of charged Higgs at
muon collider by simulating the four purely leptonic and bosonic decay
channels. H™H™™ = pu u pu~p~ H>*H f - ﬂi//ti/ﬁv_

H"H = - WTWtW—W~- H™HF - W=W=W+Z




Summary

e For the Type-IlI Seesaw, we adopt the similar simulation approach for

heavy fermions at muon collider. ]
ETE~ - WtW i E*N = ZWHu*u™

E'YE->ZZutu~ NN - WFWHu*,?

e For the HNL, we provide smoking-gun LNV signatures through VBS process,
and search the exclusion limit on mixing | VﬂN\z, | VeN\zand [ Ven Vvl -

VV— NI [EEW?

 In the future, we can study other new physics models at the muon collider.
Welcome to join us for discussion, if you’re interested in it .



Thanks for your attention!



Appendix 1

e We consider the LNV signature through VBS at same-sign muon

W+
VBS et

collider

WTWT = 070"

[3] T. Li, C.Y. Yao, M. Yuan arXiv: 2306.17368
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Appendix 2
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LWV

My**=300 GeV _

Appendix 3

e The Lagrangian of the Type I1 Seesaw
Laypanr =(D,H)'(D*H) + Tr [(D,A)/ (D" A) I s

M .+ (GeV)

T o FIG. 4: Branching fractions of the doubly charged Higgs boson decay versus (a) va for My++ = 300 GeV, and (b)
- V(H,A)+ (=Y, ¢, Cioy Al +h.c.) .

Myp++ forva = 1074 GeV.

o RIFEFHFBHiggsHI RERERREBRH FPHUFHRF A, # &% wHiggsdz
F A 3% % By branching ratios.

, | BR(H™) ee e er . s TT
D(HT — o) = ! (V)i 2 Mg / NH 0.28% | 1.25% | 4.27% | 25.57% | 35.43% | 33.20%
YU An(T+6) Y Y IH 47.49% | 123% | 0.96% | 8.84% | 25.63% | 15.85%
1
F(H+ — 62_17]') - F (Y+)z'j|2MH+ -
8

v \ BR(H™) ev 1% T
' NH 3.04% | 43.91% | 53.05%

IH 48.59% | 22.27% | 29.14%

Parameter Normal Hierarchy | Inverted Hierarchy

sin? 61 0.30470:012 0.30470:013

sinz Oa3 o.450i80;%10%62 o.570f%?(,)%%m

Sin 9]_3 0'022461_000062 0'022411_000062 . Y . _“_,_ JP \ = 4 . © \ = 4

Scp°] 230738 278+22 XERHT PHRFHRD AN EENASL, B ERGE

—5 \/2 0.21 0.21 ‘ . _ . . .

Am3;[1076V?) | 742003 7.4275 5 B P F R = #107% eV YLK Zugk Majoranatg 43 .
Am,[10-3eV?] | +2.510500% —2.490%0.0%8




Appendix 4

o Type lll Seesaw &) Fi K =

_ 1 : -
LTypeHI = I'r [ELZBZL] — (§TI' ELMEZL -+ YEKLHZZ -+ hC)

e RIEFEFTHERXRFHETRERRERFH PRI S A, F3H
- a2 O

BR(NN;) eTWT pEWTF TEWF
Ny 17% (17%) | 3.26% (3.73%) | 4.74% (4.27%)
No  7.43% (7.43%)|10.75% (7.34%)| 6.82% (10.23%)
N3 [0.56% (0.56%)| 11% (13.93%) (13.44% (10.51%)




Appendix 5

o Typelll Seesaw P Fh FHREEB AR ZT RE X FARIKQ =1 (24 4)

The general solution of the V, 1n Eq. (9) can be parameterized in terms of an arbitrary orthogonal
complex matrix {2 in the Casas-Ibarra parametrization [50]

Ven = Upnins (mi®9) ' 2Q(My*) 112, (10)

with the orthogonality condition Q! = I. Using the SM electroweak current for heavy Majorana
neutrinos /V;, in the mixed mass-flavor basis, one can obtain the partial width of their decay into
charged lepton [51]

M2\ ?
['(N; = (FWT) = Vin, |2 My, (M3, + 2M2,) (1 W) | (11)
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where PMNS refers to Pontecorvo-Maki-Nakagawa-Sakata matrix, and all fields are mass eigenstates.
The above gauge interactions between SM leptons and heavy triplet leptons are all given by V 4y [26,45] and the partial

widths of both heavy charged leptons and heavy neutrinos are proportional to |V zy/|*. In the limit of Mz &~ My > My, M,
and M,, the partial widths become [45,46]

1 o ) _

§F<N—> Ef W+ ¢ W+) ~F(N—> EV VZ+VZ) NF(N—> E,, uh+vh>
1 (-)

~ 4 + | ~ + + ~ + +

~2F(E — E,,. v W )NF(E — Ef £ Z)NF(E - Ef £ h)

N

8\/_7r ZW/leMz (7)

Thus, the decay branching ratios (BRs) of heavy leptons exhibit asymptotic behavior consistent with the Goldstone
equivalence theorem [47,48] and are given by the following relations [25,45,46,49]:

( f*W‘ - f‘W““) zBR(N — ZI/Z-I‘I_/Z) zBR(N - th-i-l'/h)
- + + | ~ + + ~ + + ~ _
R R(E —>Z v W )NBR(E A;f z) NBR(E Zf h) R (8)




