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Goals For This Talk

lllustrate how studies of the tri-lepton channel at the
HL/HE-LHC & a 100 TeV pp collider may help
distinguish between mLRSM and non-minimal
LRSM/minimal types | or Il see saw mechanisms

lllustrate reach of a 100 TeV collider for discovery
and characterization of type Il see saw scalar
sector

Encourage future work
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Neutrino Mass Models

Type | see-saw “vSM”, “vMSSM”,
Type Il see-saw LL’I%%%

Type Ill see-saw GUTs

Inverse see-saw LRSM

Radiative MSSM

+ combinations & many other examples
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Type | See-Saw
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Type Il See-Saw

Yy

Emass — yZﬁVR _|_ h.C. Lmass — KECHHTL —|_ h.C.
Dirac Majorana
Introduce “Complex Triplet”: A, ~ (1, 3, 2)
H . _H
A [ AtV2 At N
L = A0 _A—I—\/? : Ay
Vi Vi

9 F O, '
A
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See Saw Scenarios
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See Saw Scenarios

Model Class Minimal LRSM AV
Type Il v v v
Inverse v v o

This Talk: How can we probe with LHC & future pp colliders



Comments

* Many other earlier works on see saw collider
pheno (e.g. Keung & Senjanovic ‘83, Perez
et al ‘08, Nemevsek et al ‘12, Han et al ‘13,
[zaguirre & Shuve "15,---) Apologies to
others not cited here !

* Following assumes see saw scale at the 10’s
of TeV or below
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Il. Types I + Il See Saw & LRSM
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See Saw Scenarios

Model Class Minimal LRSM AV
Type Il v v v
Inverse v v o

How to distinguish minimal LRSM from non-
minimal LRSM or other minimal scenarios




Minimal Left-Right Symmetric
Model

Two sources of m,, :

L= Shy [[eALL] + (L = R) +he. + Yukawa

18



Minimal Left-Right Symmetric
Model

Two sources of m,, :

L= Shy [L%A L] + (L & R) +he. + Yukawa

»Cmass —

Type | see-saw

I 0 m
" Ng)(mD e

)(

Uy,

Npr

)

Type Il see-saw

mLﬂguL
A

/

my ~ ghg (AR)

\

my ~ ghy (A7)
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Non-Minimal Left-Right Symmetric Model

LRSM inverse see saw:

Add gauge singlet neutral leptons
w/ Majorana mass u

20
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Heavy-Light Neutrino Mixing

Mass matrix diagonalization

(%) =( & 9) (%)

O ~ My My'

Colliders: Models:

Probe 6O for M\, at or below * Minimal LRSM: predict ©
O(few) TeV * Minimal type | or non-
minimal LRSM: © arbitrary




Heavy-Light Neutrino Mixing

Minimal Model

Non-Minimal Model

ViMp = MyU}, \/_72\/* Vi
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Heavy-Light Neutrino Mixing

Minimal Model
A /
A V], M, T‘/
Mp =V M — — —V
D 7 VLN or N I

7 Low-energy v pheno

Non-Minimal Model

Collider studies
\

\ Collider studies

\ 7

ViMp = MyU}, \FR\/*VJr

/ Low-energy v pheno
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Heavy-Light Neutrino Mixing

Minimal Model

A

M,

Mp =V*M _
o L UR MN L

7 Low-energy v pheno

Non-Minimal Model

Collider studies /
\

\ Collider studies

Arbitrary (Casas-Ibarra)

\ |

ViMp = MyU}, \FR\/*VJr

/ Low-energy v pheno
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lll. Tri-Lepton Channel at pp
Colliders

1812.01630: J.C. Helo, H. Li, N. Neill, MJRM, J.C. Vasquez
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Tri-Lepton Channel

.
- -‘Il
A
Relatively clean

Previous work min type |
Study prompt decay region
Analysis: back up slides
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Tri-Lepton Channel

Relatively clean

Previous work min type |
Study prompt decay region
Analysis: back up slides

Dominant: N, Wx'l 2 jj |

(N = %) = ([0p)w* + 1(01)rn )
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Sensitivities
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Sensitivities
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Sensitivities
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Observation of the tri-lepton
channel at the HL/HE-LHC ->
non-minimal model or
minimal type |

Observing the tri-lepton
channel in the mLRSM -
100 TeV pp collider needed
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Interpreting a Signal

100 TeV pp
5.x1072, —
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Probing O(MeV) Dirac masses
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IV. Probing the Scalar Potential

1810.09450: Y. Du, A. Dunbrack, MJRM, J.-H. Yu

If tri-lepton signal seen at HL/HE-LHC how
distinguish between minimal type I, minimal
type Il, or non-minimal LRSM ?

If tri-lepton signal first seen at 100 TeV pp
collider, how confirm it is in context of LR
symmetry

33



See Saw Scenarios

Model Class Minimal LRSM AV
Type Il v v v
Inverse v v o

« Follow on to Perez et al 08

No assumption of LR symmetry
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Minimal Type Il Potential

V(®,A) = —m?®T® + M>Tr(ATA) + [u®TirAT® + h.c.] + A (27®)?

+ A2 [Tr(ATA)] LT ATAATA] + A (@T0)Tr(ATA) + A0 AATD
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Minimal Type Il Potential
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« How to discover A scalars ?

 How to determine potential parameters ?
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Minimal Type Il Potential

V(®,A) = —m?®T® + M>Tr(ATA) + [u®TirAT® + h.c.] + A (27®)?
+ A2 [Tr(ATA)] LT ATAATA] + A (@T0)Tr(ATA) + A0 AATD

« How to discover A scalars ?

 How to determine potential parameters ?

Parameter Significance Probe

u Type Il m, Neutrino mass
As A mass spectrum | A mass splittings
Ay Higgs portal H* decays

A 3 A self interaction | Challenging

37




Discovery

Production Decay mode + final state Regime
H*H- FFIFF Small v,
H*H** WwW*wWw- > IFI*FF + MET Large v,
H™H- AW = IFI*bb F + MET Intermediate v,
H™H- WWhW- =2 I'IFbb I + MET | Intermediate v,
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Discovery

Production cross section at s =100TeV

Production cross section at s =100TeV
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Discovery
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Discovery

Production cross section at s =100TeV Production cross section at s =100TeV

This study

g |E

= 100t 1=

A= E 18

b1 r 1%

2 | | 2

o b 10
1 : HH
L0200 60 S0 1000 W0 400 600 800 1000

my[GeV] my[GeV]

ma=400GeV,.Br>04

Ay4=—1.6, As=—0.1, Br>0.4

(e ..... ) Of :
RS " = e

11 5

S
[e)
Log[10,v5][GeV]

-0.8 -8 H*>ff
-10 : - = —10l ]
-10 -8 -6 -4 -2 O 200 400 600 800 1000
Log[10.wA][GeV]

ma|GeV] 41




Discovery
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0 1000
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Probing the Scalar Potential: A
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Probing the Scalar Potential

’ [ f ] % H—++
75 (@ +ve +ix) L (6 +va+in) -2

[ cosa —sina h
- sina  cos o H

VA 2’1}(21))\45 — 4m2A A 21)(%)\45 — 4m2A

Vo 2)\1@% — 77”1,2A Vo mi — 777,2A

tan 2a ~
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Probing the Scalar Potential

[ cosa —sina h
- sina  cos o H

VA 2’0(21))\45 — 4m2A UA  2UE Agq5) — 4m2A

Vo 2)\12% — 77”1,2A Vo mzh — m2A

Triplet mass scale

tan 2a ~
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Probing the Scalar Potential

- mp=300GeV - va=0.1GeV
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Probing the Scalar Potential

ma=300GeV

v4=0.1GeV
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0.04f 0.04
2002 £ 002
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0.00 0.00 S
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Vertex Coupling
hAZ —3oocg- (cosasinfBy — 2sinacos fy)
HZZ %(2sinﬁo cosa — cos [y sina)
HW+W- igmy cos By (sin By cosa — cos [y sin a)
hH-W* Y (sin By cosa — v/2cos By sina)
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Probing the Scalar Potential

Production Decay mode + final state Regime
H*™H- Fraw- > IFibb I+ MET Intermediate v,
H*™H- WWhW- =2 I'lFbb I + MET | Intermediate v,
Vertex Coupling
hAZ == o (cosasin fy — 2sinacos fy)
HZZ %(2sinﬁo cosa — cos [y sina)
HW+W- igmy cos By (sin By cosa — cos [y sin a)
hH~-WT %9 (sin B+ cosa — v/2cos B+ sina)
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Probing the Scalar Potential

« & cay

~
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-3 ‘ _ / s 3 ' It
200 400 600 800 1000 1200 400 600 3800 1000 1200 400 600 800 1000 1200 1400
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Probing the Scalar Potential

200 400 600 800 1000 Vl'?.\OO
my|GeV]

(a) va = 107! GeV

A4

-,)r ."‘ A ¢ 7
| FIrthWA X/

~3; A8 _ _ s —3 A ' ¥
400 600 800 1000 1200 400 600 800 1000 1200 1400
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V. Outlook

Uncovering the origin of m , is a key open problem in
particle physics and one for which a variety of
experimental probes are needed

For m, dynamics at the TeV scale or below, hadron
colliders could provide unique tests of the see saw
mechanism

The tri-lepton channel can be used to probe the heavy-
light neutrino mixing angle, and a comparison of HL/HE-
LHC and 100 TeV pp collider searches could distinguish
the minimal LRSM scenario from other see saw
mechanisms

A 100 TeV pp collider could significantly extend the
discovery reach for scalars associated with the type Il
scenario and probe a variety of scalar sector couplings
There exist many opportunities for additional studies -z
others are encouraged to get involved!



Back Up Slides
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Heavy-Light Neutrino Mixing

Minimal Model

O = \/e — My'M, = MyMy'

N Uy, MV T
M = VM _ My
P L N\/vR Ny "

Non-Minimal Model

Op = J M} VaMy'

Op =06V, Orp=0V]

: 1
ViMp = MNU;—ﬂR\/m_,,Vg
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Analysis: Backgrounds

ttZ, W, tt (j), WZ (j), 3W, Z/y (j)

Cuts

Cut description|

eteu~, no b jets and no additional leptons

Pl > 200 GeV, pit?, > 100 GeV, plfa?. > 100 GeV
Fr > 100 GeV

|Miny(eTe™) —91.2]) > 10 GeV

mr(el, Fr) < 150 GeV

mr(etetu Er) > My, /2

signal selection
reduce all backgrounds
reduce mostly ¢Z(j) and Z/v(j)
reduce mostly W Z(5)
select channel shown in Fig. 1 (right)
reduce all backgrounds
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Analysis: Cuts

100 TeV pp

Cut description|

eteu~, no b jets and no additional leptons signal selection
pljf‘fjr > 200 GeV, pST“é’Jr > 100 GeV, plj‘f‘Ld_ > 100 GeV reduce all backgrounds
Er > 100 GeV| reduce mostly () and Z /()
|Miny(eTe™) — 91.2]) > 10 GeV reduce mostly W Z(5)
mr (el Fr) < 150 GeV| select channel shown in Fig. 1 (right)
mr(etetu Br) > My, /2 reduce all backgrounds
MT(e MET) N W S/ v / )
0251 - 41 "
< I — My, =100GeV LT
r M,,, =300GeV
0.15~ |7| — M, =500GeV '
. a /4
“\"--.\ "./,- ) / ".v
0.05 We /SN )/ ¢
%~ B0 100 150 200 250 300 //'/ | \
MT(e, MET) q N
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Analysis: Cuts

100 TeV pp

Cut description|

ete™u~, no b jets and no additional leptons

> 200 GeV, pSqué’Jr > 100 GeV, plj‘fid_ > 100 GeV

FEr > 100 GeV

|Miny(eTe™) — 91.2]) > 10 GeV
mr(el  Fr) < 150 GeV
my(etety” Er) > Mw, /2

lead
Dy c+

signal selection
reduce all backgrounds
reduce mostly ¢Z(j) and Z/(j)
reduce mostly W Z(5)
select channel shown in Fig. 1 (right)
reduce all backgrounds

=6 TeV
=10 TeV
=20 TeV

ke e .- T NN B
0 5000 10000 15000 20000 25000 30000

Mt(W ) [GeV]
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Analysis: Cuts

Backgrounds Signal
Vs =13TeV| ttZ ttWw tt(j) WZ(5) 3W Z/v(j)my (100 GeV) my (500 GeV)
etetu~ (b-veto)| 11.8 74.9 23058 24.8 6.71 901 1293 371
Pr cuts| 0.325 3.75 216 0.215 233 5.3l1 825 253
Fr GeV|0.158 1.85 117 0.0761 1.06 0.0911 646 188
Miny(e™ e)| 0.155 1.82 113 0.0761 1.05 0 646 188
mr(el, £1)/0.0582  0.743 48.4 0.0277 0491 O 622 176
my(etetu Fr)| 0 7.82x107% 0 0 0.0169 0 597 158
MT (e ,MET) MH(W )
50.25¢ 5 02
< — M, =100GeV <0.18
0.2 0.16
. M, =300GeV 014
0.15" |7| — M, =500GeV 0.12
i 0.1
0.1F 0.08
; 0.06
0.05} 0.04
- 0.02
o& 0

MT(e, MET)

o 50 100 150 200 250 300 0 5000

PR RIS .
15000 20000 25000 _ 30000
MHW ) [GeV]

10000 _
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Analysis: Efficiencies

Br(Ny = et (W™ = u~v,))
Br(Ny — p=(W+ = efv,))

T =

Mro=2TeV, Mys=25TeV, FC

Mup=2TeV, Mys=2.5TeV, FC(

M wa =5TaV
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