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Motivation

Outline

@ Motivation

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

@ Accommodating the 126 GeV Higgs boson
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Outline

@ Motivation

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

@ Accommodating the 126 GeV Higgs boson

@ BSM scalars in EWvrg model
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@ Two of the 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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Motivation

Motivation

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

Motivation

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

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

oy
Mg
e So

o What if Mg ~ Agyw/?
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@ Neutrino () masses — popular “Seesaw mechanism”
o In general Seesaw Mechanism:
e vg — SU(2). x U(1)y singlet
@ Right-handed neutrino mass at GUT scale — NOT directly testable

at LHC
S LI
my ~ ) Dirac mass
Mg

e So

o What if Mg ~ Agyw/?
e Within SM group SU(3). x SU(2); x U(1)y?
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Motivation

Motivation

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

o)
Mg
e So

o What if Mg ~ Agyw?
e Within SM group SU(3). x SU(2); x U(1)y?

possible with EWvr model

[P. Q. Hung, PLB 649 (2007)]
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What's next option after a singlet vg?
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What's next option after a singlet vg?

14 M VR M
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To ensure anomaly cancellation

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

ug M ug M M
qa. = , U, dr dr = M 7uL7dL
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BSM scalars in EWwg model

Lm=gm(lg"Ta2) (i m X)I¥ + h.c.
2

Zzl)

Mg = guvm; < xX° >= v ~ New

X (3.
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Dirac

Ls = gs/h(bs//;\,/’ + h.c.
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BSM scalars in EWwg model

Dirac

mP = ggvs where < ¢s >= vs
m, <1leV = vs~ 10° %V with g5 ~ O(1)

or vs ~ Agy with gg; ~ 0(10_6)
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M2
=1
p= M2 cosH2 =

Tree level

O = = .
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BSM scalars in EW1p model

M2, Y
P= M2 cost?, 2 €6 2 0); <& >=wm

Tree level
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V2
< >= =

7 <x°>= vy, <& >=vy
v = \/v22+8vﬁ, ~ 246GeV
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< >= \‘;—25 < X0 >= v, <& >= vy
v = /VvZ+8v} = 246GeV
SU(2)p
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V2
< ¢’ >= 7 <X’ >=wy, <& >=vy

v = /VvZ+8v} = 246GeV

? GeV/c? ? GeV/c? ? GeV/c?
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Higgs Higgs5 Higgs5
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V2
<¢®>=— <x’>= vy, <& >=vy
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V2
<¢®>=— <x’>= vy, <& >=vy
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< ¢ >= <x¥>=wy,

<& >=vy

246GeV

? GeV/c? ? GeV/c? ? GeV/c?
2 gt NN o g°
o Ho| o H [ H;
Higgs Higgs Higgs'
boson boson boson
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Higgs Higgs Higgs Higgs
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with Hy = = (HFT)*, Hy = —(HJ)*,Hy = —(H{)* and H) = —(H3)*
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V2
< ¢’ >= 7 <x’>= vy, <& >=vy
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EWvr Model Particle Content

Three generations Three generations
of Standard Model fermions Gauge of mirror fermions
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I I I I
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Does the EWrg model agree with the experimental
constraints on

the EW precision parameters- S, T7?

Ajinkya S. Kamat (U. Virginia) EWvrp , 126 GeV & BSM scalars Pheno-2014 sth May, 2014 12



Motivation

EWvp Model

126 GeV Candidate

BSM scalars in EW1p model

Agreement with Precision Measurements

New Physics contributions, S and 7' due to EWrg model are seen to,
indeed, satisfy the constraints from precision measurements
[V.Hoang, P.Q.Hung, A.S.Kamat, Nucl. Phys. B, 877 190]
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BSM scalars in EWv g model

How EWrr model accommodates
Standard Model-like Higgs boson having
126 GeV mass

[} = =
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126 GeV candidate in minimal EWvg

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

quark
2

o(gg — HY) ~ 49 x %O'SM(gg—)H) I
2

Cannot be compensated for in all the branching ratios
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126 GeV Candidate In a Simplest Extension
BSM scalars in EWv p model

126 GeV candidate in minimal EWvg

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

quark
2

o(gg — HY) ~ 49 x %JSM(gg%H) I
2

Cannot be compensated for in all the branching ratios

o HY in EWrg model cannot be the new 126 GeV particle
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126 GeV Candidate In a Simplest Extension
BSM scalars in EWv g model

126 GeV candidate in minimal EWvg

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

quark
2

o(gg — HY) ~ 49 x %JSM(gg%H) I
2

Cannot be compensated for in all the branching ratios
o HY in EWrg model cannot be the new 126 GeV particle

@ Back of the envelope: if mirror quarks contribute as much as the top
quark
2
V,
o(gg — H3) ~ V—AZ/’USM(gg—>H) I
2
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In Minimal EWv p Model
126 GeV Candidate In a Simplest Extension

126 GeV candidate in minimal EWvg

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

quark
2

o(gg — HY) ~ 49 x %JSM(gg%H) I
2

Cannot be compensated for in all the branching ratios
o HY in EWrg model cannot be the new 126 GeV particle

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

quark
2

o(gg — H3) ~ ‘\//—’\2/’ osm(gg — H) 1
3

e Thus, for vZ,/v3 ~ 1, Hg could reproduce osm(gg — H)
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BSM scalars in EWv p model

Spin-Parity Result from CMS

[CMS collaboration, CMS-PAS-HIG-13-002,
March 2013]

CMS preliminary ~ {s=7TeV, L = 5.1 fo* {s=8TeV, L= 19.6 fi5*
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126 GeV Candidate In a Simplest Extension
BSM scalars in EWv g model
:

How EWrg accommodates 126 GeV particle as CP-even (07)
Higgs
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EWvp Model In Minimal EWv p Model
126 GeV Candidate In a Simplest Extension
BSM scalars in EWv g model

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

Not with the minimal EWvrg model just explained

o = D)
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|

In s Smplest Extansion
An EXtended EWI/R (V. Hoang, P.Q.Hung, A.S.Kam_

@ Add another SU(2) scalar doublet ®,p (Y /2 =1)

Ajinkya S. Kamat (U. Virginia)

EWvp |, 126 GeV & BSM scalars

=

APRN G4
Pheno-2014  5th May, 2014 18



Motivation
EWvp Model In Minimal EWv p Model
126 GeV Candidate In a Simplest Extension
BSM scalars in EWv p model

An EXtended EWI/R (V. Hoang, P.Q.Hung, A.S.Kamat: paper in preparation)

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

@ ®, — couples only to SM fermions; gives masses to left-handed
fermion doublets
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In Minimal EWvp Model
126 GeV Candidate In a Simplest Extension

An EXtended EWVR (V. Hoang, P.Q.Hung, A.S.Kamat: paper in preparation)

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

@ ®, — couples only to SM fermions; gives masses to left-handed
fermion doublets

@ &,y — couples only to mirror fermions; gives masses to
right-handed fermion doublets
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In Minimal EWvp Model
126 GeV Candidate In a Simplest Extension

An EXtended EVVVR (V. Hoang, P.Q.Hung, A.S.Kamat: paper in preparation)

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

@ ®, — couples only to SM fermions; gives masses to left-handed
fermion doublets

@ ®,p — couples only to mirror fermions; gives masses to
right-handed fermion doublets

o Physical scalar states of SU(2)p custodial symmetry:
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EWv g Model In Minimal EWv g Model
126 GeV Candidate In a Simplest Extension
BSM scalars in EWv p model

An EXtended EWVR (V. Hoang, P.Q.Hung, A.S.Kamat: paper in preparation)

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

@ ®, — couples only to SM fermions; gives masses to left-handed
fermion doublets

@ &,y — couples only to mirror fermions; gives masses to
right-handed fermion doublets

o Physical scalar states of SU(2)p custodial symmetry:

? GeV/c? ? GeV/c? ? GeV/c? ? GeV/c? " 7 GeV/c?

2 | |+ H o H oHlo H° o °

0 s fl|° sfl° 5 fiI|° 1f[° M
Higgs Higgs Higgs Higgs Higgs
boson boson boson boson boson

? GeV/c? ? GeV/c? 7 GeV/c? ? GeV/c? 125.7 GeVic? 27 eVic?

#1 H o H O flla gt fllo 0 HO 0 d)

o I'lz filo 115 §lo I |3M 0 il [0 1[0 ¥S
Higgs Higgs Higgs Higgs Higgs Higgs
boson boson boson boson boson |)| boson

Interacts only with mirror fermions

Interacts with Standard Model and
mirror fermions

’—‘ Interacts with Standard Model

fermions Created by Al Kamat
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In Minimal EWvp Model
126 GeV Candidate In a Simplest Extension

An EXtended EVVVR (V. Hoang, P.Q.Hung, A.S.Kamat: paper in preparation)

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

@ ®, — couples only to SM fermions; gives masses to left-handed
fermion doublets

@ ®,p — couples only to mirror fermions; gives masses to
right-handed fermion doublets

o Physical scalar states of SU(2)p custodial symmetry:
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126 GeV Candidate In a Simplest Extension
BSM scalars in EWv p model

The custodial singlets mix to give mass eigenstates

1257 GeV/ic? 7 GeV/c? 7 GeV/c? o
0 0 0 0 0
cH. [ H.J [ H,
Higgs Higgs Higgs
boson boson boson
~0 0
Hy a1 aMm any H;
Y 0
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HY a1 araim  avv HY
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BSM scalars in EWv p model

ﬁf decay limits
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H=1.0%05 .
——aa H, - ff
H- 1t ——
W=0.78+027
CMS preliminary
- m, =125.7 GeV
H-vyy —— EWv, values
H=077£027 21257 Gev
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126 GeV Candidate In a Simplest Extension
BSM scalars in EWv p model

ﬁﬁ decay limits

LI B B B B
H - bb —_——
u=1.0+05 N B
——a-a H, - ff
0
H- 1t —— Hl - not
n=0.78+027 .
JEpST— displayed, because
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Y —— .
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- spans a wide
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Motivation
EWvp Model In Minimal EWv p Model
126 GeV Candidate In a Simplest Extension
BSM scalars in EWv p model

Y o ﬁo
u(HE = 1) = e,

7o w(H? — ~vv) spans
0 H1 400 from ~ 0 to ~ 2.5
Higgs mH;:AIﬂO GeV 3 .
boson my;-(GeV) 600 even in this

‘example’ plot
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Motivation
EWvg Model

126 GeV Candidate

BSM scalars in EWv g model

BSM scalars in EWrg model - preliminary

=] =
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Motivation

EWvg Model

126 GeV Candidate

BSM scalars in EWv g model

~0
u(H,, = W W)

% T 1 T 1 I Iﬁrl T 7T I T T 17T I T T T 71 I T T 17T I T I:
o 2
= g
© E
S g
3 E]
o 2
= 1 g
& E Data not yet
%] = e
2 sensitive to blue
curves on or below
the background
bands
10 =
1l 1 1 | I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11

200 300 400 500 600
mo (GeV)
M

[SM Higgs search plot: with courtesy of CMS]
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~ EWvp Model

126 GeV Candidate

BSM scalars in EWv g model
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Motivation

EWwvp Model

126 GeV Candidate

BSM scalars in EWvp model

Summary

o A model with Electroweak-scale Right-handed Neutrino (EWvg )
with Majorana mass
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BSM scalars in EWv g model

Summary

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

@ Does not violate constraints from EW precision measurements
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BSM scalars in EWv g model

Summary

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

@ Does not violate constraints from EW precision measurements

@ Properties of 126 GeV candidate in a simply extended EWvg model
agree with the data
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BSM scalars in EWv g model

Summary

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

@ Does not violate constraints from EW precision measurements

@ Properties of 126 GeV candidate in a simply extended EWvg model
agree with the data

@ More data at LHC will be sensitive to the BSM scalars
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Motivation
EWv el
126 GeV Candidate

BSM scalars in EWvp model

Notes

@ Makes Seesaw mechanism testable at LHC and near future colliders

through signals such as like-sign dilepton events
(He = —eM—eM™)
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BSM scalars in EWv g model

Notes

o Makes Seesaw mechanism testable at LHC and near future colliders
through signals such as like-sign dilepton events
(He = —eM—eM™)

@ These signals of the EWvr model have not yet been ruled out by
the searches for charged Higgs bosons at the LHC.
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BSM scalars in EWv g model

Notes

@ Makes Seesaw mechanism testable at LHC and near future colliders
through signals such as like-sign dilepton events
(He = —eM—eM™)

@ These signals of the EWvr model have not yet been ruled out by
the searches for charged Higgs bosons at the LHC.

@ A unified model of DM asymmetry = Leptogenesis = Baryogenesis
contains Mirror Fermions: Paul Frampton and P. Q. Hung (refer talk
“Luminogenesis RG flow"” by Kevin Ludwick in Cosmology section
this afternoon).
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EWvg Model

126 GeV Candidate

BSM scalars in EWv g model

Backup Slides

[} = =
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BSM scalars in EWv g model

Table: u = o/osm for decay channels as measured at CMS and as calculated in
EWwvr model in gg — H? production channel for given values of the
parameters.

Calculated p (~ 5% accuracy)
Decay Channel Observed p at CMS for
bl = -0.001 to 0.0001
(-0.0477 to -0.0489)
ww 0.721%%) 0.68 - 0.76 (0.68 - 0.74)
(ggH, VBF, VH channels) [CMS Dec 2013]
zz 0.93%9% (stat) 7% 13 (syst) 0.68 - 0.76 (0.68 - 0.74)
(ggH, VBF, ttH, VH channels) [CMS Dec 2013]
T 0.78 £0.29 1.03 - 1.16 (1.06 - 1.16)
(non-VH channels) [CMS Jan 2014]
bb 1.0+05 1.03 - 1.16 (1.06 - 1.16)
(VH channels) [CMS Oct 2013]

bb and 77 0.83 4 0.24 [CMS Jan 2014] 1.03 - 1.16 (1.06 - 1.16)

combined
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Motivation

EWvg Model

126 GeV Candidate

BSM scalars in EWv g model

Table: Allowed ranges of VEVs. All VEVs are given in GeV.

69 < v, < 234 | 0.28

~

A

S 5 0.95
27 < V2M< 234 0.11 S 52M< 0.95

~ ~ ~

13

A

v < 80 | 015 < sy < 091
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BSM scalars in EWv g model

0 0
Hy a1 a,Mm anv Hi
_ 0
Hy, | =1 am1 aimam awmr Hiy
HY avi  avam  avy HY

Theoretically predicts
@ Mirror Fermion sector with opposite chirality to SM Fermions

@ BSM Higgs sector with doubly charged Higgs

@ BSM contributions to the oblique parameters
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EWvg Mo
126 GeV Candidate
BSM scalars in EWv g model

@ To forbid left-handed v's from getting large Majorana mass (terms
like gL/l:rO'QTz)A({/L) and /[0’27’2)?%4)
U(1)m symmetry,

U e) — ™, e),

= 72’i0M =~

X — € X

bs — e Mg
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BSM scalars in EWVR model

@ To forbid left-handed v's from getting large Majorana mass (terms
like gL/l:rUQTz)A({/L) and /[0'27’2)?//%/’)
U(1)p symmetry,

U el) — &M, &),

~ 7210
X — "X

bs — e Mg

o Terms like g, qV, Grul, drd} also don't occur
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BSM scalars in EWv g model

EWvg model Yukawa couplings

SM Quarks Mirror Quarks
mg g mM &
E —i—2° (q=t,b) £,0 MM i
199 2 My s 9 2 My som
m .M & Sm
. Mt & s o
8107 i———5 &0 ,MpM —i—5
HYtt 2 My oy HYuM ! 2 My om
g i b &M 5 g M i— 5
0b5 - 0 M=
H3 bb 2 My, ey HYdMd; 2 My, ey
. &M  Egsy
g, — - P & _ =M P
M
Hy tb 2v2 My cpy Hy~ ub; 2v2 My ey
X [me(1+25) = my(1 = 75)] x [m (@ = 5) = myp 1+ 3s)
i i
m M 852
mt g sHy o
g0 7 —i— g0 MzM —i V5
Haptt 2 My s Hap i 4 2 My spm
m.M g 9
. ;b & M . P .
0 b5 — 0 MM v
H3Mbb 2 My, sp H3Md/' d; 2 My sopm
& oM ) g
P i & _ =M i
Hypytb 2V2 My sp ey HypyuMd; 2v2 My som em
x [mz(l +v5) — mp(1 — 75)] x ["’um(l —5) = mm(1+ 75)]
i i
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Motivation

EWwvp Model

126 GeV Candidate

BSM scalars in EWvp model

EWvr model Yukawa couplings (contd..)

SM Quarks Mirror Quarks
. mg a ) o m'e
&,05 —i——— ...(I=T, p, € g0 M -
HOIT 2 My 5 HO, M 2 My som
ma g sy
. M & Sm ; ,/'
g,0,7 PUr—— & 0,MM t——75
HYIT 2 My m HYIMT; 2 My ey
& mm sm
& m| sm ; i
g 1 - (1= 5) g _  -M —i—————(1+5)
Hy vyl 2V2 My ¢y Hy™ vRil; 2vV2 My, ¢y
my g s
m & s2Mm . IiM 2
£,0 g0 MM t————— 75
Ham!! 2 My s HQ g M 2 My som
&mum 2
& m| s2m N i
g, — = —i—————(1 — 75) g _ -M —i (1 +5)
Hype! 2V2 My 55 ¢y HoVRili 2V2 My sypp ey
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BSM scalars in EWv g model

SM Fermions Yukawa couplings:
L= —h,-jWL,-CD\IIRj + h.c.

Feynman Rules [PQ, Aranda, Hernidndez-Sanchez, JHEP11, 2008]

. Mg
° EHYqq = —Zm ....(g=1t,b)
. Mt8SH
° gHgt?:Z2MWCH
. mpgsH
° gHng o 712MwCH
SH
. BN (me(1+5) — my(1+ 7))

_—;
8Ho—th 2Myy

Similar couplings for SM leptons and mirror quarks.
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BSM scalars in EWv g model

Mirror Fermions’ kinetic Lagrangian

(’CFM)int

. . —M i .
(T v dpt + T el ) Wi+ (R vl + o o ) Wy

—M i
+ £ Z (T3fM - S@Qw) fr VRS

—Mi
+ Z 55vOfM fr W’MfLN,( Zy

b Y Qu (T )

M= yM d¥ eM
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