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EWvp Model

Outline

@ Motivation

@ Overview of the Electroweak-scale Right-handed Neutrino (EWvg )
model

@ Accommodating the 126 GeV result from LHC
@ An extended EWvg
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@ Two most pressing problems in particle physics

o Nature of spontaneous breaking of the electroweak symmetry
o Nature of neutrino masses and mixings
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EWvp Model

@ Two most pressing problems in particle physics
o Nature of spontaneous breaking of the electroweak symmetry
o Nature of neutrino masses and mixings
o Discovery of a new 126 GeV particle could be significant step in
unfolding the first mystery
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EWvp Model

Motivation

@ Neutrino () masses — popular “Seesaw mechanism”
o In general Seesaw Mechanism:
o vg — SU(2), x U(1)y singlet
o Right-handed neutrino mass at GUT scale — NOT testable at LHC

oy
m, ~ () ] Dirac mass]

R

Majorana mass
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@ Neutrino () masses — popular “Seesaw mechanism”
o In general Seesaw Mechanism:
o vg — SU(2), x U(1)y singlet
o Right-handed neutrino mass at GUT scale — NOT testable at LHC

oy
m, ~ () ] Dirac mass]

R
Majorana mass

o Electroweak scale Majorana masses of Right-handed Neutrinos
(EWwvrg ) possible (7)
e Within SM group SU(3). x SU(2). x U(1)y (?)

e So
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Motivation

@ Neutrino () masses — popular “Seesaw mechanism”
o In general Seesaw Mechanism:
o vg — SU(2), x U(1)y singlet
o Right-handed neutrino mass at GUT scale — NOT testable at LHC

oy
m, ~ () ] Dirac mass]

R
Majorana mass

o Electroweak scale Majorana masses of Right-handed Neutrinos
(EWwvrg ) possible (7)
e Within SM group SU(3). x SU(2). x U(1)y (?)

e So

possible! [pq, PLB 649 (2007)]
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What's next option after a singlet vg?

vy
€L

Ajinkya Kamat (UVa) EWvrp & 126 GeV

27th February, 2013

5



EWvp Model
Accommodating 126 GeV

What's next option after a singlet vg?
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To ensure anomaly cancellation

up
q. = , U, dr
d
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To ensure anomaly cancellation

ur M UA’/I M M
a. = , U, dr dr = M 7uL7dL
dL dR

Ajinkya Kamat (UVa) EWvrp & 126 GeV 2a7th February, 2013



EWvp Model
Accommodating 126 GeV

IL

vy M VR M
= e ) €R Ir = eM €L
L R

Ajinkya Kamat (UVa)

EWvrp & 126 GeV

Do
27th February, 2013

7



EWvp Model
Accommodating 126 GeV

Ajinkya Kamat (UVa) EWvrp & 126 GeV 2a7th February, 2013 7



EWvp Model
Accommodating 126 GeV

Majorana

Lu=gu(lx’To)( )M+ he

Charged singlet
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Y

Ly = gM(I;-:,/I’TO'Q) (Z To X)I/%/’ + h.c.
2

X (3,

:1)
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Majorana

Ly = gM(I;-:,/I’TO'Q) (Z To X)I/%/’ + h.c.
2

- Y
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:1)

Mg = guvm; < X° >= v ~ Aew
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Majorana

Ly = gM(IA,/I’TO'Q) (Z To %)I/y + h.c.
2

- Y
X(?’a_

:1)

Mg = guvm; < X° >= v ~ Aew

Z width = MR>M2/2 J

Ajinkya Kamat (UVa) EWvrp & 126 GeV 2a7th February, 2013 7




EWvp Model
Accommodating 126 GeV

It

vy M VR M
= e Ig = e
er » ER R e A’/I s CL

Ajinkya Kamat (UVa)

EWvp & 126 GeV

Do
27th February, 2013

8



EWvp Model
Accommodating 126 GeV

vy M VR M
L = e Iz = e
L eL » €ER R ell%/l s €L

Ls= gS/ZL(bsL%’ + h.c.
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vy M VR M
L = e Iz = e
L eL » €ER R e‘g/l s €L

Ls= gS/ZL(bsL%’ + h.c.

Y
d)s (13 5 = 0)
m,? = 8sIVs

<(f)5 >=vg << Vpm

m, < leV = vs ~ 10° %eV
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Energy scale

Aew ~ 246 GeV Agur ~ 10'° GeV
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Energy scale

Aew ~ 246 GeV Agur ~ 10'° GeV

vs ~ 10°"%eV New ~ 246 GeV Energy scale
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. MI%V - ZT,Y[4T(T + 1) — Y2]|VT,y’2CT,y
M2cost?, YTy 2Y?Vry?

Tree level; cTy = 1, (1/2) for (T,Y) complex (real) rep.

[The Higgs Hunter’s Guide, Gunion et.al.]
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p= M2 cos@2

Tree level
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M2
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M2 cos@2 =
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Fermions
SM Fermions EWvg Mirror Fermions
SM Fields SUR2)w UQl)y Additional Fields SUQ2)w U(l)y
1% 1
= " 2 ~1 M= R 2 ~1
e ) e )
M
up u
Qu = 2 (13 || Q¥ = R 2 (1/3)
dr dg’
i i
eri 1 -2 eM 1 -2
URi 1 (4/3) u! 1 (4/3)
dri 1 —(2/3) dff 1 —(2/3)
Scalars

Field SUQ)w U(l)y  VEV

X 3 2 i

3 3 0 VM

[ 2 1 va /2
s 1 0 Vs
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1 Y 1 Y
P = 7§(V2 + 0% +ig%), X’ =vm + 7§(X0r +ix),
v = 4/ v22 + 8v,%/l ~ 246GeV

cos(Oy) = cy = v /v
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SU(2)p
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Does EWvg agree with EW precision
measurements?
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Constraints Oblique Parameters

S, T,U

Ajinkya Kamat (UVa)

=] 5
EWvp & 126 GeV

27th February, 2013



EWvp Model
Accommodating 126 GeV

Oblique Parameters

S — Difference between Z self-energy at q° = /\/I% and at g> =0

T >~ (1 — p); Difference between isospin currents ;; and 33 at q2 =0

U — Difference between W and Z self-energies at g> = M2 and at ¢> = 0
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Agreement with Precision Measurements

New Physics contributions, S and 7' to S, T due to EWvrgr model are

seen to, indeed, satisfy the constraints from precision measurements
[Plotted by Vinh Hoang]
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126 GeV Higgs-like Particle

[CMS collaboration, PLB 716, 2012] [ATLAS collaboration, PLB 716, 2012]

\s=7TeV,L=51f5" \s=8TeV,L=531b" =3 T T T T
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126 GeV Higgs-like Particle -

[CMS collaboration, PLB 716, 2012] [ATLAS collaboration, PLB 716, 2012]
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How EWrr model accommodates this

Tproduction X Branching Ratio(decay channel)
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CP-odd Higgs
CP-even Higgs

How EWvrr model accommodates this
O production
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CP-odd Higgs
CP-even Higgs

gz > H Production Chai

fs

i
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CP-odd Higgs
CP-even Higgs

gg — H Production Channel _

fs

i
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CP-odd Higgs
CP-even Higgs

gg — H Production Channel _

fs

i
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CP-odd Higgs
CP-even Higgs

CP-even Physical Scalar in EWVR_
_ m: 8 .
2 My cosfy'

ngquM

@ 8ot =

mgv g

_12 My cosfy
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CP-odd Higgs

Accommodating 126 GeV CP-even Higgs

CP-even Physical Scalar in EWvg

o g i ME o mug
Hytt 2 My cosfy' HaMq 2 My cosfy

@ Back of the envelope: if mirror quarks contribute as much as top

quark

Cannot be compensated for all the branching ratios
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CP-even Physical Scalar in EWvg

o g i ME o mug
Hytt 2 My cosfy' HaMq 2 My cosfy

@ Back of the envelope: if mirror quarks contribute as much as top
quark

o(gg — Hf) ~ 49 x osm(gg - H) 1l

cos? Oy

Cannot be compensated for all the branching ratios

e HY in EWuvg cannot be the new 126 GeV particle

Ajinkya Kamat (UVa) EWvrp & 126 GeV 2a7th February, 2013 20
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CP-odd Physical Scalar in EWwvg

o . m: g sinfy
_—jtS ¥ VA
8Htt 2 My COS@H%’

“mym g sinfy “mgm g sinfy

] 0,MM = —l—— 75 ; - =1l — "5
gHa”r u; 2 My, cos 9H7 gHgdiMdi 2 My, COSHH’Y
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CP-odd Physical Scalar in EWwvg

o . m: g sinfy
-
8Htt 2 My C059H75

My g sinfy Mg g sin By

° 0, MM = —l————————"5 ; - =1 ———"5
gH3“f u; 2 My cos 9,.,7 gHgdiMdf 2 My, COS@H’Y

@ Back of the envelope: if mirror quarks contribute as much as the top
quark

o(gg — H3) ~ tan® 0y osm(gg — H) I
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CP-odd Higgs
Accommodating 126 GeV CP-even Higgs

CP-odd Physical Scalar in EWwvg

o . m: g sinfy
-
8Htt 2 My C059H75

My g sinfy Mg g sin By

° 0, MM = —l————————"5 ; - =1 ———"5
gH3“f u; 2 My cos 9,.,7 gHgdiMdf 2 My, COS@H’Y

@ Back of the envelope: if mirror quarks contribute as much as the top
quark

o(gg — H3) ~ tan® 0y osm(gg — H) I

@ Thus, for tan?8y ~ 1, Hg could reproduce osm(gg — H)
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Recent Spin-Parity Result from CMS

[CMS collaboration, PRL 110, 081813]

CMS Vs =7(8) TeV, L=5.1 (12.2) fb™

3000

Ho-

— Observed

N
o
(=3
o

1500

Pseudoexperiments
S
(=]
o

1000

500

“20
-2In(Ly /Ly

0

~ WL

O = - E PANE
Ajinkya Kamat (UVa) EWvrp & 126 GeV 2a7th February, 2013 22



EWvp Model CP-odd Higgs
Accommodating 126 GeV' CP-even Higgs

Recent Spin-Parity Result from CMS

[CMS collaboration, PRL 110, 081813]

CMS Vs =7(8) TeV, L=5.1 (12.2) fb™

3000

L .0_

— Observed

N
o
(=3
o

@ ~ 2.30 — Neither proved nor
ruled out

Pseudoexperiments
S
(=]
o

1500

1000

500

by v b b b b by |

20
-2In(Lg /L)

0
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Recent Spin-Parity Result from CMS

[CMS collaboration, PRL 110, 081813]

CMS Vs =7(8) TeV, L=5.1 (12.2) fb™

3000

L .0_

— Observed

N
o
(=3
o

@ ~ 2.30 — Neither proved nor
ruled out

Pseudoexperiments
S
(=]
o

1500
@ More data needed for this

1000 analysis

500

by v b b b b by |

20
-2In(Lg /L)

0
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How EWrg accommodates 126 GeV particle as CP-even (07)
Higgs
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EWv p Model CP-odd Higgs
Accommodating 126 GeV CP-even Higgs

How EWrg accommodates 126 GeV particle as CP-even (07)
Higgs

Not with the minimal EWvrgr model just explained

Ajinkya Kamat (UVa)
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27N February, 2013 23
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CP-odd Higgs
CP-even Higgs

¢singlet (17 Y/2 = 0)
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CP-odd Higgs
CP-even Higgs

Douier (2,Y/2=1)
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Accommodating 126 GeV CP-even Higgs

Simplest Extension to EWvr Model

Douier (2,Y/2=1)

@ Known from 2 Higgs doublet model: 1 light Higgs and 1 heavy
Higgs
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vp Model CP-odd Higgs
Accommodatmg 126 Gev CP-even Higgs

Simplest Extension to EWvr Model

cl>d¢:uub/et (2a Y/2 = 1)

@ Known from 2 Higgs doublet model: 1 light Higgs and 1 heavy
Higgs

mgv g

o But remember: g0 m=m -
EH)qMg 2 My, cosfy
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An Extended
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An Extended EWrg

EWv p Model
Accommodating 126 GeV

CP-odd Higgs
CP-even Higgs

o Add another SU(2) scalar doublet (Y /2 =1)

Ajinkya Kamat (UVa)
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EWvp Model CP-odd Higgs
Accommodating 126 GeV CP-even Higgs

An Extended EWvg

e Add another SU(2) scalar doublet (Y /2 =1)
e With a global U(1)sm x U(1)me symmetry such that

U)sy : &F — elosw ot
M — elosm pM

and

U)wr = OF — eomr of
1M — etomr M

Ajinkya Kamat (UVa) EWvrp & 126 GeV 2a7th February, 2013 25



CP-odd Higgs
Accommodating 126 GeV CP-even Higgs

An Extended EWvg

e Add another SU(2) scalar doublet (Y /2 =1)
e With a global U(1)sy x U(1)me symmetry such that

U)sy : &F — elosw ot
M — elosm pM

and

U)wr = OF — eomr of
1M — etomr M

e Also under U(1)sm x U(1)mr

s — e~ Hamr—asu) bs,

and other fields are singlets under this symmetry.
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Accommodating 126 GeV CP-even Higgs

e ®L — couples only to SM fermions; gives masses to left-handed
fermion doublets
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e ®L — couples only to SM fermions; gives masses to left-handed
fermion doublets

e ®R — couples only to mirror fermions; gives masses to left-handed
fermion doublets

\ SU@w ULy  VEV |

X 3 2 VM
13 3 0 vm
ot 2 1 vi/V2
R 2 1 v /2
¢s 1 0 Vs
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CP-odd Higgs
Accommodating 126 GeV CP-even Higgs

e ®L — couples only to SM fermions; gives masses to left-handed
fermion doublets

e ®R — couples only to mirror fermions; gives masses to left-handed
fermion doublets

X 3 2 VM
3 3 0 vm
ot 2 1 vi/V2
R 2 1 v /2
¢s 1 0 Vs

o Physical states of SU(2)p custodial: a five-plet Hi =+,

two triplets Hy;®, Hy,X and three singlets HO't, HOR HY.
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EWv p Model CP-odd Higgs
Accommodating 126 GeV CP-even Higgs
°g m: g . g _ qv &
HOLeE = L HORgmgh = R
1 2MW(V1/ )’ 1 99 2Mw(v2/V)
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EWvp Model CP-odd Higgs
Accommodating 126 GeV CP-even Higgs

° i Me & Y- AP =—i Mg &
oLs = ————F—, 0, - =
Bt = T My (Vi) BT T T My, (VB )

@ Back of the envelope

o(gg — HY') ~ x osm(gg — H)

L
Vi
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EWvp Model CP-odd Higgs
Accommodating 126 GeV CP-even Higgs

. ; m: g - _ ;. Mg
oLs = —l——FF, 0, = —l————F——
Bt = T My (Vi) BT T T My, (VB )

@ Back of the envelope
2
%
o(gg — Hf’L) ~ | | xosm(gg — H)

@ Singlets mix to form Mass eigenstates
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EWvp Model CP-odd Higgs
Accommodating 126 GeV CP-even Higgs

. o m; g g _ . Mg
oLz = —l————; R M=M= — b ———
B = T My (V)T BT T T My (VR V)

@ Back of the envelope
2
L v
a(gg—>Hf )N v XUSM(gg—>H)

@ Singlets mix to form Mass eigenstates

@ Back of the envelope

o(gg = Hi1) ~ |af? x osu(gg — H) ,

L
14

with singlet mixing parameter a2 ~ 1 and vf ~ v.
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EWv p Model
Accommodating 126 GeV
Summary

CP-odd Higgs
CP-even Higgs

with Majorana mass

@ A model with Electroweak-scale Right-handed Neutrino (EWvg )
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CP-odd Higgs
Accommodating 126 GeV CP-even Higgs

Summary

o A model with Electroweak-scale Right-handed Neutrino (EWvg )
with Majorana mass

@ Makes Seesaw mechanism testable at LHC and near future colliders
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Summary

o A model with Electroweak-scale Right-handed Neutrino (EWvg )
with Majorana mass

@ Makes Seesaw mechanism testable at LHC and near future colliders
@ Does not violate constraints from EW precision measurements

@ The new 126 GeV particle can be accommodated as CP-odd Higgs
in minimal EWvg model (modulo spin-parity result from CMS) and
as CP-even Higgs in an extended EWrg model
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EWvp Model CP-odd Higgs
Accommodating 126 GeV CP-even Higgs

What Next

@ In progress:

o Detailed study of branching ratios and total cross-sections of 126
GeV candidates in EWrg model

o EW Dynamical Symmetry Breaking in the model
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What Next

@ In progress:

o Detailed study of branching ratios and total cross-sections of 126
GeV candidates in EWrg model

o EW Dynamical Symmetry Breaking in the model

o Next:
Experimental signals of EWvg model at LHC, e.g. like-sign double
[-decay
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EWvp Model CP-odd Higgs
Accommodating 126 GeV CP-even Higgs

HEyY, L coks Likg

THis OnE Can @Mi
i | 8 =2 o
AccommodaTe | Ewy ./"/r/ ]
You Tool | MopgL || ‘/’;
: é—r; : @/v

Thank You!
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