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Type-ll seesaw
o MOLLER sensitivity to Hi x

» sensitivity of MOLLER
» prospect of HLii in type-ll seesaw
> prospect of HRii in LRSM

Displaced vertex searches of Hf%

> current prompt same-sign dilepton constraints

and the Heavy Stable Charged Particle searches
» DV prospects of H** at HL-LHC, FCC-hh and ILC
» DV prospects of Hx= at HL-LHC, FCC-hh and ILC

@ Conclusion
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type-1l seesaw



Type-ll seesaw

Konetschny & Kummer '77; Magg & Wetterich '80; Schechter & Valle '80;
Cheng & Li '80; Mohapatra & Senjanovic '81; Lazarides, Shafi & Wetterich '81

@ One of the simplest seesaw frameworks to generate the tiny neutrino masses...
L = —(f)ap ¥l Cioabitprs + pH icr ATH + He.,
with the left-handed triplet

B 5+/\/§ 5++
ac= (7 i)

@ Neutrino masses are given by

m, = V2fiyy = Um,U"  (with the VEV (5?) = v, /V2)
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Important couplings of Hi= = §;*

Perez, Han, Huang, Li & Wang '08; Melfo, Nemevsek, Nesti, Senjanovi¢ & Zhang '11

@ Gauge couplings to v/Z bosons:
production at hadron/lepton colliders

o Gauge interaction HEEWTWT (o vy):
inducing decay Hf% — W=t W)

@ Gauge interaction HZ—LiH¢ W:

production at hadron/lepton colliders

inducing decay Hif% — HE) W)

Scalar interaction H,_iiH¢H3F:

inducing decay Hif% — HE() HE()

@ Yukawa couplings (fL)aﬂHfifiég:

af} = ee: e~ e scattering ( )

a # B: low-energy LFV processes (e.g. u — e7y)

inducing decay HLii — &f[gﬁ (potentially LFV)

production at hadron/lepton colliders [Dev, Mohapatra & YCZ, 1803.11167]

vvYyVvVvey
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Long-lived Hj*

o Decay through the Yukawa couplings (suppressed by m2/v})

Myzs |(m,)apl®

T(H* = 505) =
( L — £y ﬁ) 87T(1+6aﬂ) VE ’

@ Decay through the gauge interactions
(suppressed by v} and potentially the phase-space)

22013
Ggvi MH:t:t
L

= VI —=adxyw(1 - dxw + 12x3,),

(with xy = m‘z/v//\/lflii)
L

F(HE — wEw™)

Four-body decay for off-shell W-boson pairs

HLii N W:I:*W:t* N ﬂ?/f//]?///7
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Neglecting the following decay modes

o H, — HECHI W=,
» The mass splitting AM = MHLj:j: — My+ > 60 GeV is disfavored by current
electroweak precision data; [Aoki, Kanemura, Kikuchi & Yagyu '12]
> For MHLii — My+ <1 GeV, this channel is negligible.

o H — HEFHHEX),
» Depending on the triplet scalar coupling;
» Due to electroweak precision constraints, both H* are expected to be off-shell.

100 s e
500 \s\ Cascade Decay

oo
50

/

AM (GeV)

Leptonic Decay

=

Gauge
H Boson Decay
I T S U !
vy (GeV)

Figure: From Melfo, Nemevsek, Nesti, Senjanovi¢ & Zhang '11
= Displaced searches of HZ—Li at LHC and future lepton/hadron colliders
(high-energy frontier)
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Proper lifetime of Hfi

NH (m; = 0)

IH (m; = 0)

v, [eV]

v [eV]

60 80 100 120 140 160

60 80 100 120 140
M- [GeV]

My [GeV]

Fiotal (HEE) = T(HEE = tals) + T(HEE — wEGwE (),
Assuming lightest neutrino mass mp = 0.

0.027e¢V, for NH with m; =0,

fi ~
Vel filmax 0.0486V, for IH with m3 = 0.
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H= @ MOLLER experiment



MOLLER experiment

(Measurement Of a Lepton Lepton Electroweak Reaction)

detector

upstream liquid
hydrogen
target

toroid

electron
beam

Yongchao Zhang (Wustl) type-1l seesaw at the frontiers Nov 9, 2018

10 / 45


https://moller.jlab.org/moller_root/

Parity-violating asymmetry

MOLLER Collaboration, 1411.4088; https://moller. jlab.org/moller_root/
Scattering of longitudinally polarized electrons off unpolarized electrons, using the
upgraded 11 GeV beam in Hall A at JLab

e —PB Pl e e —PR , e e e e
Pi
v v zZ zZ
e 7 e e & e e e e
P2 P2 P2

_OR—OL _ Gr 2y(1—-y)
——— =mE

orR+ 0L V2ral+y*+(1-y)
E(E') : incident beam (scattered electron) energy; y =1— E'/E;
Qfy = 1 — 4sin® Oy (tree level)

Q5
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https://moller.jlab.org/moller_root/

Precision measurement of the weak mixing angle

MOLLER Collaboration, 1411.4088; https://moller. jlab.org/moller_root/

0.245 TP
B MOLLER n
0.240 goal\ IQW(e) NuTeV 7
= L ]
T2 0235 [QW(APV) B
= L i
o~ = -
£ = -
7 L i
0230 |- s'D :
0.225 | 4
covvnnd v il v vl v ad il

00001 0001 001 0.1 1 10 100 1000 10000

1 [GeV]
Primary Goal:

Precision measurement of Apy to the level of 0.7 ppb (AZY ~ 33 ppb);
An overall fractional accuracy of 2.4% for Q-
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https://moller.jlab.org/moller_root/

Sensitivity to four-electron contact interaction

MOLLER Collaboration, 1411.4088

A = ! ~ 7.5 TeV,

l8ke — 81l /V2GEIAQ,
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Sensitivity to doubly-charged scalar

e e
\ H ™

€ €

f ee 2 - —_
Mpy ~ M(qwq)(emq) + (L R).
2.
Keeping only the left-handed part: |g.|*> = |(f)ee|?/2 & grr = O:

MHLii
‘(fL)EE|

2> 3.7 TeV (at the 95% C.L.)
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Sensitivity to doubly-charged scalar

SLAC E158 Collaboration, hep-ex/0504049

100 100
\ \ \Excluded by E158 Excluded by E158/ /

MONLER prospect

MOLLER prospect §

6Apy [ppb]
6Apy [ppb]
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Sensitivity to v,

100 100
Excluded by E158 Excluded by E158
10 10
g =y
& 1 nmidhiainiig MOLLERprospect] &
> P S 4 A
< <
g 01 S o1
1072 o .
NH, My =1 TeV 10711, Mygs = 1 TeV
102 0.1 1 1072 0.1 1
v [eV] v [eV]

@ Neutrino oscillation data within their 2o ranges;
o Lightest neutrino mass mg € [0,0.05] eV;
e Dirac and Majorana phases € [0, 27].
Mz !
itive t < 0.3eV x | ——
sensitive to v; e TTev
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LFV constraints

process current data constraints

p~ —eete” <1.0x107%2 My / |(£)ie(f)en| > 208 TeV

ey <42x1070 MHLﬁ/\/\ S () (R)ee] > 61 TeV

3 N 3
S 01 e, 2
« 2 «
= N % = 01
1072
1072
NH, My =1 TeV IH, My= =1 TeV
1072 5 5
10" 0.1 1 10 10~ 0.1 1 10
v, [eV] v, [eV]
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type-1l seesaw extended to be
left-right symmetric



Left-right symmetric model (LRSM)

Pati & Salam '74; Mohapatra & Pati '75; Senjonavi¢ & Mohapatra '75

@ A right-handed triplet is introduced to break the SU(2)r gauge symmetry

B 5+/\@ 6++
o= (97 e )

@ The right-handed Yukawa interaction
Ly = —(fR)ap Vra CioaArtbrs + Hec.,
@ Neutrino masses
m, ~ —mpMy*mp +V2fivi,

Assuming type-ll dominance, and parity-symmetry dictates f; = fg
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LFV constraints

IH, Mygs = 1 TeV

1076 1076
o 1078 T 108
] ]
* -10 * -10
2 10 2 10
4 o excluded
00 10722 === - - RO L - oo oo P B 00 10722 fmmmmm e O oo P B

=h =
107145 6‘E 10-14 6‘
10-1L = 1071 =
1072 1072 0.1 1 107 1072 0.1 1
|(fR)ee| |(fR)ee|

The LFV constraints apply equally to fr.
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LFV constraints

NH, My = 1 TeV IH, Mygs = 1 TeV

1076 1076

8 .
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|(fR)ee|

The LFV constraints apply equally to fr.
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LRSM with parity violation

Chang, Mohapatra & Parida '84

Parity-restoration scale # SU(20g scale;

A, could decouple from the TeV-scale physics
avoiding fine-tuning in the scalar potential and/or unacceptably large
neutrino masses;

The couplings f; # fr and fg is not directly relevant to neutrino oscillation
data;
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Neutrinoless double-beta

1(fR)eel
I(fR)eel

parity-violating case (NH) parity-violating case (IH)

l(; 100 1000 10 100 1000 104
My [GeV] Myz [GeV]
4 4
0 m. [ 87 mw \" V2(fr)eevr
g = P\
8L m Wr M?

++
HR
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MOLLER prospect

I(fR)eeI

The MOLLER experiment could probe a sizable parameter space, beyond the

ative limit /’/ /—""
&’\5 - ’Y/
P N\O\/\’
PN
oS
N
(R
parity—violating case
1 5 10
Mz [TeV]

current low and high-energy constraints.
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Displaced vertex searches of Hi"* at colliders



Same-sign dilepton constraints on Hj*

1
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OPAL, hep-ex/0111059; DELPHI, hep-ex/0303026; L3, hep-ex/0309076;
CDF, hep-ex/0406073; 0808.2161; DO, 0803.1534; 1106.4250;
ATLAS, ATLAS-CONF-2011-127; 1412.0237; 1710.09748;

CMS, CMS-PAS-HIG-11-007; CMS-PAS-HIG-14-039; CMS-PAS-HIG-16-036
Yongchao Zhang (Wustl)
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Lower limit on H;"* mass in the limit of small v;

i

My [GeV]

My [GeV)

500
NH f
3 LHCI13 LHCI13 (ut)
Ll 500 LHCS EveseemEeey
....... LHCS (u1) N =
= £ |- - £
3 her g | @ 20 N =
200 €. 200 g |8 pmm—— i
'™ S o LHCT (ur) &
S s |& , s
s g |3 100 LEP( £
100 100 i3 —t—a—|
3 8
50 sof NH
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=
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Predominant decay mode H™™ — ({5
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Lower limit on H* mass (mg = 0)

10* i 10*
0 _— 105
3 3 £ LHCI3 (er) 3
108 S s w
10| &
NH (m) = 0) S/
109 p HE* - ptp® / / ’ NH (m; = 0) {197
50 100 200 500 50 100 200
My [GeV] M= [GeV]
10*
108 n
1 mm 105
E107 2
= 10° '
107 1H (m; = 0)
/ 7
/ /. / 1y =0y |1
50 100 200 500 50 100 200 500 50 100 200

M- [GeV] M- [GeV] My [GeV]

Predominant decay mode HLii — Ef[%, WEC) pE)

Dashed lines: central values of neutrino oscillation data;
Colorful bands: 30 uncertainties
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Lower limit on H;"* mass (my = 0.05 eV)

50

100

200 500 50 100

H (my =005 ev) |

Yongchao Zhang (Wustl)

50 100 200
My [GeV]

M- [GeV]

Predominant decay mode HLii — (0t WEC) pE)

Dashed lines: central values of neutrino oscillation data;
Colorful bands: 30 uncertainties
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Nov 9, 2018 pi

v [eV]

v [eV]

/ 45



Heavy Stable Charged particle (HSCP) searches

CMS-PAS-EXO-16-036

12.9 fb (13 TeV) 12.9 fb™ (13 TeV)
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© \ 1 © By ]
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HSCP constraints on Hj*

10765
H my=0 {105°
10-70
1055
8 10-75 =
£ ()
— 1080 =
= 80 s
107%
1065
10785
1070

100 110 120 130 140
My [GeV]

o Long-lived Hfi decays outside either the inner silicon tracker or the whole
detector.

@ We use conservatively only the “tracker-only” analysis.
o The decay length 43mm < bcro(H*) < 1100 mm.
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Displaced same-sign dilepton searches: SM backgrounds

ATLAS, 1808.03057

%} T T T T T T T £ L T T T T T T T |
5 ATLAS [Joren-van o 10°F ATLAS Dorei-van E
[aV) - E =
3 Vs =13 TeV 32.9 fo" M« 3 Ffs=mTevazenm’ e ]
[ -

_§ y Dsingle top quark s 10° E o, Dsmgle topquark 5
g e Data g E e Data E
10°E =
10 -
1 =
IR F ] 5 ]

20 40 60 80 100 120 140 160 180 200 -400 —300 —200 —100 0 100 200 300 400
my, [GeV] Signed T [em]

o Dominant background: low-mass Drell-Yan processes pp — ete™, utpu™,
with the charges of the electron or muon misidentified (and the electron
misidentified as a muon or vice versa), depending largely on myy and ry.

@ The dileptons from Drell-Yan processes tend to be back-to-back , which
could be easily distinguished from the four-body process
pp — HTH ~ — E050T T

Yongchao Zhang (Wustl) type-1l seesaw at the frontiers Nov 9, 2018 32 /45



DV prospects of H;™*

NH (m; = 0)

Number of DV events
Red: 10 Blue: 100

10*

10°

108

107

100 200

Mg+ [GeV]

500

v [eV]
|fL | max

Red:

IH (m3 = 0)

Number of DV events
10 Blue: 100

10°

10*

10°

108

107

108

100 200

My [GeV]

500

v [eV]

HL-LHC 14 TeV, 3000 fb—!; FCC-hh 100 TeV, 30 ab=!; ILC 1 TeV, 1 ab™?;
K-factor for HL-LHC & FCC-hh taken conservatively to be 1.2 and 1 for ILC;

Counting only the decays Hfi

— etet

, eE i, pFpE;

Decay length 1mm < bero(HEY) < 1(3) m;
Basic cuts pr(f) > 25(10) GeV, |n(€)| < 2.5, Ap(4¢') > 0.4, requiring at
+

least one displaced H}
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Complementarity

1072 ! u— e

LHC13

NH (m; = 0) [~ IH (m3 = 0)
10~ 1 107" -
50 100 500 1000 50 100 500 1000

M= [GeV] Mg+ [GeV]

@ Assuming at least 100 events for the DV sensitivities.

@ The low-energy high-precision LFV measurements (such as p — eee and
[ — e7), the prompt same-sign dilepton searches of HLjEjE and the DV
searches of Hfi are largely complementary to each other in the type-ll
seesaw.
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...for HZ= in LRSM



Proper lifetime of H,%i

NH (m; =0)

L 10 cm 1 em 10 cm I em
50 100 150 200 50 100 150 200
Mg [GeV] Mg [GeV]

Muotal (M) = T(H™ = lals) + T(HR™ — We™ Wg™).
Assuming lightest neutrino mass mp = 0.
Assuming f, = fg, g = gr and vg = 5v/2 TeV.
H;\,ti — WRi* WRi* highly suppressed by Wg mass.
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Same-sign dilepton constraints on Hz™
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OPAL, hep-ex/0111059; DELPHI, hep-ex/0303026; L3, hep-ex/0309076;
CDF, hep-ex/0406073; 0808.2161; DO, 0803.1534; 1106.4250;

ATLAS, ATLAS-CONF-2011-127; 1412.0237; 1710.09748;

CMS, CMS-PAS-HIG-11-007; CMS-PAS-HIG-14-039; CMS-PAS-HIG-16-036

To some extent weaker than the HLjEi limits
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Lower limit on Hz= mass in the limit of large vg
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Predominant decay mode H%i — E(ffﬁt
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Lower limit on Hz= mass (mg = 0)

/ LHCS (ur)

IR | max

10°¢ ]
NH (m) = 0)
50 100 200
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HEE — ook wEwir

Dashed lines: central values of neutrino oscillation data;
Colorful bands: 30 uncertainties
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LHCI3 (ep)
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Dashed lines: central values of neutrino oscillation data;
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HSCP constraints on Hz™

10-65
mo=0

1077.0

10—7,5

|fR | max

1078.0

10—8,5

100 110 120 130 140 150 160
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o Long-lived H;?ti decays outside either the inner silicon tracker or the whole
detector.

@ We use conservatively only the “tracker-only” analysis.
o The decay length 43mm < bcro(Hz ™) < 1100 mm.

Very different from the Hfi case
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DV prospects of Hz™

Number of DV events
Red: 10 Blue: 100

NH (m,; = 0)

Number of DV events
Red: 10 Blue: 100

IH (m; = 0)

o Counting only the decays HX* — etet  etp® p*u*,

500

My [GeV]

500

@ Setting gr = g and the right-handed scale vg = 5v/2 TeV.
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Complementarity

10-° - -
NH (m; =0) IH (m3 = 0)

500 1000 500 1000
My [GeV] Mz [GeV]

@ Assuming at least 100 events for the DV sensitivities.

@ The low-energy high-precision LFV measurements (such as p — eee, u — ey
and Ov333), the prompt same-sign dilepton searches of H%i and the DV
searches of H%i are largely complementary to each other in the LRSM.
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..for parity-violating LRSM

10~
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F== o
[oug:
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! o L parity—violating
1010 - o=
50 100 500 1000
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o Considering the simple scenario Hz* — e*e* Wi wz*.
@ We do not have the LFV constraints e.g. © — ey, and MOLLER pops out...

@ The low-energy high-precision LFV measurements (MOLLER and 0vj3), the
prompt same-sign dilepton searches of H;?H[ and the DV searches of H,j{i are
largely complementary to each other in the LRSM.
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Conclusion

@ The MOLLER experiment is sensitive to doubly-charged scalars up to hte
scale of ~ 10 TeV.

@ In the minimal type-ll seesaw, the LFV constraints (e.g. u — ey) are
stronger; however, in parity-violating MOLLER could go beyond the Ov3g3
limits.

@ In type-ll seesaw HLii might be long-lived in a sizable parameter space,
depending on the Yukawa couplings f; (or equivalently v;); in LRSM, Hg
could also long-lived, for small fgr and TeV-scale vg.

@ A broad region of the parameter space could be probed at HL-LHC, ILC
(FCC-hh): 10710 < |fL | £107% and mz/2 < My== < 200 (500) GeV.

@ The low-energy high-precision and high-energy experiments are largely
complementary to each other in the (in)direct searches of H¥=.

Thank you for your attention!
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