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OUTLINE

@ Motivation

Model (particle content, scalar sector, gauge sector)

o Radiative v mass generation

Low scale left-right

o Constraints (Direct experimental constraints, 0¥/, cosmological
constraints, ..)
o Fit to the data

o High scale left-right consistency

@ Collider phenomenology

@ Conclusion
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SKETCH OF STANDARD MODEL

SUB)c x SU(2), x U(1)y

_ up 1
Matter Q = (dL) ~ (3,2, 5)
v = (:f) ~(1,2,-1)

o~ (1.1,-2), g~ (3,1,3)
dg ~ (3,1,-2)
) HF

Higgs H=(H0)~(1 2,1)

@ In Standard Model M, = 0. But, v flavor mix. v, <> vpL

[Va) = Z Ueilviy = M, # 0 = New physics beyond SM
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ORIGIN OF PARITY VIOLATION

@ Parity is explicitly broken in standard model.

o Left-right models were introduced primarily to understand the origin of
parity violation.

Mohapatra, Pati, Senjanovic: 74-75
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LR SYMMETRIC MODEL

e Gauge group:
SUB)c®SU(2),®SU(2)g®@ U(1)5-1
e Fermion Representation:

u u Ve Ve
(d)L~(2,1,1/3), (d)H~(1,2,1/3), (e)L~(2,1,—1), (e)ﬁ~(1,2,—1)

e Higgs Representation

(o) ¢} _[af V2 A
s ¢2) A e - (“59 ‘”) 7
A = (AE/\/E AE* ) ¢1 ¢2
A= 0 ATt \/5 ne +
Ap Ap/ P (XL) P (XR)
X! X
‘ Standard LR Model ‘

Babu, Mathur 88

@ Under LR symmetry

+ +

Qe Qg YL Yr xL< XR d o N en W, < Wg
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COMPARISON WITH STANDARD LR

‘Standard LR

Higgs Sector:

e A1 (1,3,2) +AR(3,1,2) + ©(2,2,0) e v (1,2,1) + xp(2,1,1) + ®(2,2,0) +r]+(1,1,2‘,
e 2 charged and 2 doulbly charged scalars e 3 charged scalars

Fermion masses:

o (D) # 0= My, My, M0 o (D) # 0= My,My,M,0
o (Ap) #0,(AL) #0 o 17" ensures Majorana mass for v.
= Majorana mass for v

@ Phenomenology of the model is distinct with respect to neutrino physics,
Higgs boson physics and collider signals.
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SYMMETRY BREAKING

K 0 0

1 1 1 (0

SU(2)L® SU(2)r ® U(1)p-1
(xr) #0 = My, Mz, #0

SU@2)LeU()y

(@) %0 = My,,Mz # 0
) #0

U(em



FEATURES OoF LRSM

Parity is explicitly broken in SM. LR symmetric model restores parity.

In LRSM hypecharge Y arises more coherently from less arbitary
quantity B — L.
In SM, electric charge is given by

Y
o:Tf'{‘E

Y is an arbitrary parameter with no physical meaning.

In LR models,
B-L
Q=T +T3+

vg exists as SU(2)g multiplet. SU(2)g breaking gives heavy Majorana
right handed neutrino. Thus, smallness of left-handed neutrinos is
naturally realized via see-saw mechanisms.
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INTERACTIONS

@ Interaction of scalar n* with fermions
Ly > oy | (W, Cly ) e + (W2aCe) | + Hec.
o Interaction of scalar @ with fermions
Ly D yy, dyp +?JLE)¢’R + H.c.
o Self interaction of Higgs particles by Higgs potential

V (¢, xt. xr-1n) = V() +V (x1. xr) + V(17) + V(cross-terms)
D s [)(Z dXR + X;¢TXL] + s [x; éxR + xjd X1 |

+ (04 [x[itpxan” + xgita¢ xun”] + He )

A. THAPA (OSU) LR MobEL LRSM 10/37



HI1GGS SECTOR

’

— . . K
@ In the limit of vg >> v/, , " and at the leading orderine = —, ¢’ = —
K K
expression for the Higgs state and their mass:

[ Higgs state Mass ]
. . VR
HY = (cos w € —sin w €') ¢] +cos w ¢} —sinw x/ mzH1+ ~ 7{(ag —pi2)vR — VA}
. . VR
Hy ~ —(sinw € +cos w €') ¢p] —sin w ¢3 — cos w x; mi; ~ T{(ag — p12)vi + VA}
o 2 .2, a7 o
HS x mH; = .ul] + ?VF“
Ay =~ (cosw € +sin w €’) ¢$’ +cos w ¢g’ +sin w)(fi mf\1 = mf_,;,
. . ) 1
Ap = (=sinw € +cos w €)¢¥ —sin w @Y + cos w x Y ma = mf_l+
2 2 5
a1 K [
R = @Y +edpd + e x) — ——x¥ m?, =~ 2k? (A4 +4edy — —)
2p1vR n 4p4
H? = (cos w € +sinw €') ¢ —cos w ¢ —sin w x m2y =~m?,
Ho = Mh
HY = (sinw € —cos w €)Y —sin w ¢ +cos w x m/2-10 ~ mi;
2
0_ o, WK or or . 0r 2 2
H3_XR+2p1vR(¢1 +ep, +€x") mHg_2p1VR

h° is the standard model-like Higgs.
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GAUGE SECTOR

Laauge = (Dpx1) "'Dpxr + (Dpxr) "Dyxr +tr[(D®) D, @]
1, L - 1,
D,u/\/L’F) = a,u/\/L,R - E’gL,R T- WuL,FfXL,R - EIQBLXL’RB;J 5

1 I 1, R
D#d>:6#4>— EigL‘r . Wqu)+ EIgRCDT . WuR

o The mass eigenvalues are found in the limit of vy >> &, &', v, (k. = k2 + &%+ VL2 and kg = k> + k% + vg)

1 .
Mﬁ,1 ~ ngKLZ W{ =cosZ W} +sin¢ Wi can 2 49, gRKK’
1 . anee =5 5 2.2
M}, = Zgzﬂ"g Wy =—sing W] +cos¢ W 9rKr ~ILKL

o |7 <4x107%: strangeness changing nonleptonic decays of hadrons; b — sy decay.

1
2 2, 2\ 2 .

Mz =3 (6% +9L) Ko A=cosgZitsing Za 2 (g% — gy k) | (9% — 95) (g +3D)
> 1 g4R 5 tan2§ =~ )

M5 ~ ————————v, Zo=—sin&é Z; +cos & Z 9rKg
2 4(g2-g2) "

o & <1072 from electroweak precision observables, but automatically satisfied once the lower limit on the
mass of Zp of about 5 TeV from LHC searches is imposed.
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FERMION MASSES

o (®) # 0 = Quarks, charged leptons and Dirac neutrinos masses:

—_

_ ) 1 _
M,=— (Yk+YKe ), Myg=— (YK +Yk)
V2

Aﬁ

! Ja ~ 1 ~ 7 —ia
r=— (YK€ +y k), MVD:$(}/K+,VK€I ).

N

o k=K = M, =My

@ Neutrino mass matrix spanning (v, v°) read:

M,L, M,o light -
A A L R A
vV

° M,L, and Mf will arise through one-loop and two-loop radiative correction.
M. >> M = Type-I
M >> M| = Type-1I
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RADIATIVE vg MASS GENERATION

(X%
(X%) (X‘}'?) 1
4 Y
<k et
/ = ,
,’——\._~‘~ 7]71’ IX% N @fo
A So dn A *

» 4 () - N
’ N / 1 mn(mn*) \

’ \ | A 22\ \
o o o B e > < L «—1l <
VaL/R Lei/R Lar/L VLR VaR ler Lar bR

T
Oy =c¢1 Yr¥r(x, Pxr) 0: = 2 YrYr(XRXR)
2 2
. (yifas) (1 . (yzfas) (m )
17~ o 2~ s
1672\ M? (1672)2 \Mm?

e The two-loop diagrams do not require electroweak symmetry breaking and
dominate over the one-loop diagrams for the entire range of W5 mass.
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SOME MORE DETAILS

@ One-loop radiative corrections:

2
m +
(MP)ap = — [fae M V;ﬁ (Y('DVT,; *}7le*+) +(ao b) log (
mH;;
@ Two-loop radiative corrections:
,,,:‘¢ .:/,” ‘V'\/: ',,", A,,’ N\/:‘j /,’” -
7 ., * :

VdL VbR

Vag

(MD)ab = V2 aavg (Atab + Asap + Asab)

Atap = {fac vy V;y{—Vsy Vig = Vay Vag + Voo, Vag } =725 Viy VsﬁVW]
(van Vi = Yab Vs )+(aHb)} 1me,

Aoap = {fac 1% VE}; -7 Vﬁ;) Vb V; {=Vay Vig = V3, Vo + Vo, Vag }

= YabV1y Vap V] ] +(a<—>b)} 1y

Azap = {(}’ca V:;g —Yea Vg*ﬁ) fed [}7db

-l

Vz*y {=VayVig = V3, Vop + Vo) Vag }
-yd,,vwvsﬁvry] +@o b)} B

q.p

LR MobEL

Y

(2m)* (27r>4 (@ = m3) (9% = m) (P = m2,,) (p% = mE) ((p = @) = m?,)

V MASS

@)
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SOME MORE DETAILS: TWO-LOOP

@ Case with M, » < M, (low Scale LR) = Flavor structure simplifies,

Y,y o< Mp.
2 2
2 M, 2 m
2\/5 Q4VR 2 2. ml] B ’ ml] Hg
(Myg)ab = (1= 22 (1672)2 (Mg + Myt ){Cﬁv G R +Cpy G m. m? }
HO HO HE HE
Y Y B B
107 1072 107" 10° 10’ 10% 10°
ri
3 r 7
-~ ——+-rlogr forry=rp=r, r<<1
2 2 4
G(r1,r2) — 122 1
——— —+-rylogr forrp =1, rH << 1
2 6 Taltosn 2 k
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ONE-LOOP VS TWO-LOOP

10°
10°
>
Q
O 1o
X — 1-loop (fL=fP) 1-loop (f-=fF)
= 10 — 2-loop (f-=ff)
1077

10! 102 10° 10* 10° 10° 107
My, (TeV)

e Maximum contribution to M,, for a4 = 3.0 and f, ~ for = 1.0.

Mw, (TeV) 5 10 15 30 50 | 100

10%

M, (GeV) | 0.0042 | 0.010 | 0.020 | 0.05 | 0.11 | 0.36

4.2x10°
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YV MASS MATRIX AND MIXING

o Neutrino mass matrix is diagonalized by 6 X 6 unitary matrix:

TM * _ m,,/. 0 _ va UVN
ki ( 0 My, ) “Uu ( Uny  Unn
MN(, = D1ag (M1 R Mg, Mg) .

. S M
U,n — active-sterile mixing (UvN ~ MVD)
N

m,, = Diag (m, mz, m3)

Uy, is the usual PMNS matrix characterizing the mixing among light

neutrinos.
2
2 |Uez|2 2 — U 3|2 §2 = |U/13|
13 — e ) - .
21— |Ugs?

2= T 2
21— |Uesl?

LR MobEL V MASS 18/37
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LOW SCALE LEFT-RIGHT SYMMETRY

@ For multi-TeV range of My, (within reach of collider experiments)
= MeV range of M, ..

= fit to the v-oscillation data with M,,, ~ (1 — 100) MeV.

= satisfy experimental, cosmology and astrophysics constraints.
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DIRECT EXPERIMENTAL CONSTRAINTS

o Constraints on active-sterile neutrino mixing from visible final state
particles in beta-decay, pion decay, kaon decay, muon decay, ...

Mass 1 MeV 5 MeV 10 MeV 30 MeV 50 MeV 100 MeV
[Uen? | 2.6x107% | 1.1x10™° | 35x10°® | 4.4x1077 | 12x1077 | 7.1x107°
BD2 BOREXINO | BOREXINO PIENU PIENU PIENU

[Uun? | L1x1072 | 2.75x107% | 2.06x107* | 8.6x107® | 2.35x107* | 3.76x107®
72 PSI | mup PSI mu2 PSI | mu» PIENU | K> KEK K2 KEK
|Urn |2 - - 0.49 0.021 49x107% | 5.1x107*
CHARM CHARM CHARM CHARM
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NEUTRINOLESS DOUBLE BETA DECAY 0vf3/3

e 0vBB: (A,Z) — (A,Z +2) +2e : If observed = evidence of lepton
number violation = Majorana neutrino.

@ Can shed light on unresolved issues in neutrino physics.

@ 0vSp decay provides limits on the active-sterile mixing as a function of
sterile neutrino mass.

1
_ 0V [00% Ov L ov_R ov
5 = G0 (MO - MR, g nYss nf [+ MO+ MO
1/2
Gg}’ : Phase factor Mg)(" : Nuclear matrix element
el Nuclear Matrix Elements
Tsotope (yr™1) MO Mn\}’ Mg” Mg“

T6Ge |5.77 x 10715|2.58 6.64(233 - 412(1.75-3.76| 235 637

136Xe 3.56 x 10~14]1.57-3.85|164-172|1.92-2.49(370-419
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MORE DETAILS

@ 1’s are dimensionless parameters obtained from Feynman amplitudes.
Low W,;—' mass = vg masses of a few MeV = momentum transfer can be
much heavier than sterile neutrino mass :

3
7y =tan & Z UeiUy;

i=1
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CoSMOLOGICAL CONSTRAINTS

@ Sterile neutrino (1-100 Mev) can upset successful prediction of big bang
cosmology.
e if vg are long lived = contribute to effective number of neutrino species.
(constrainted by Planck data).
= can overclose the universe.
@ Structure of Right-handed neutrino:
In Low Wg regime = y,y o« M;:

2
m
0 — Fou for
T
A i i
My =T —5 feu 0 fur (1= —5)
T 5 T
m
for  fur(1-—5) 0
mz

= Hierarchy between sterile neutrino. (My, << My, =~ My,)

A. THAPA (OSU)
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DECAY OF STERILE NEUTRINO

e MeV mass sterile neutrino (N) can decay into v;v;v;, viete™, and v;y.

vife

2115
_ FYNg 1 1. 2 1
(N, — e*e v):2/Z|Uja|2 1923 [{6j6+(_1+55|n2 HW)} +Zsm4 HW]

2415
1 GEMy,
_ 2] o

F(N(,—>3v)72zj:\U,a| 7 Toas (1H2HD.

o v 8

Na - vy N, [ vi

aM? m? 2 4+f2 m2 2 2 .2
I'(Ng — vy) =2x No T et ”T{1+Iog(—r>} + g ¢
128 1 me, m2, 2M2,
L

e Radiative decay by " lead to a lifetime of order 1 sec. = consistent with
big bang cosmology.
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SUPERNOVA ENERGY L0OSS CONSTRAINTS

@ Obsevation of v flux from SN 1987A (Kamiokande and IMB) =
information about neutrinos

o If Mf < 10 MeV and has charged current coupling = vg can be produced
in the supernova core via e p — vgn = alters dynamics of supernova.

e Lower limit of 23 TeV on W5 mass by demanding that the vg luminosity
not exceed 10% erg/sec for supernova 1987a.
Barbieri and Mohapatra, 88.



CONTD.

e However we find significantly weaker, with the lower limit on W5 as low
as 4.6 TeV.

e Computed the exact cross section (e~ +p — vg + n) for the production of
vg inside supernova: 3.3 times smaller.

o Included an important interference effect between the W5 contribution and
the W;* — W5 mixed contribution in the production cross section.

e Average electron energy to be ~ 150 MeV, as opposed to 300 MeV.
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SOME MORE DETAILS

@ The effective interactions involving the leptons and quarks

2
4GF cos O¢ L — My, — _
L= ? —sin diy*up +cos & TL dry*ur| (VaRyuer)
2 Wa

@ Convert into hadronic Lagrangian; Strong interaction are parity conserving = interference
leads to suppression factor
2
o M Wy
= B=-sin{ +cos{ 5
Wr

@ Scattering corss section for e~ (pp) +p (pp) — v (py) +n (pPn)

do 1 G;z: cos? 0¢|BI? | 2‘ < 100
dt 847 (s—mp —m2)? - 4mim3 _cE’ w0
b
~ 860
M =Ty y® (1+7y5) Ue - °
9a “

B
_ p q
up (f1 Ya +91YaYs tifaoap oM +3g2 ﬁ% up

50 100 150 200 250 300
M
EZM (Mev)

o =69.2 x 10~*'cm? for electron energy of 150 MeV
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FiT: Low Wg MASS

@ Take fg;, = 0 = One vg mass is zero, while two other are Degenerate.
= one of light neutrino mass is zero

Oscillation 30 allowed range Model Fits
parameters NuFit5.0 Fitl | Fit2
Am5,(107° eV?) 6.82 - 8.04 740 | 7.45
Am5, (107% eV?) 2.435-2.598 2.49 2.48
sin® 01, 0.269 - 0.343 0.325 | 0.316
sin? fog 0.415-0.616 0.537 | 0.561
sin” 13 0.02032 - 0.02410 | 0.0221 | 0.0220
dcp/° 120 - 369 274 275
my (TeV) | m,, MeV) | My, (TeV) | as | 7(8) | mgg (eV)
Fitl 4.0 42 4.0 3.0 097 | 0.009
Fit2 4.0 10 6.0 40[0.072| 0.017

A. THAPA (OSU)
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INCONSISTENCY WITH TYPE-II SCENARIO

@ No Fit to type-II scenario in Low scale LR.

M,L, M,,o light _ 1 Ry—1p4T _ pgpll /
MTD Mf M, _MV_MVD(MV) MV _MV_MV
v

@ In the limit of small mixing between scalars:

K+ V
M, = VR e Mv S MV €= 2
M, e2vrasF K 167

@ Fine-tuning to make M,» = 0 = type-II dominance; however cannot
obtain correct neutrino oscillation pattern.
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HigH ScALE LR

@ Model is consistent with high W5 mass, well above LHC reach; enough
parameter to fit with neutrino oscillation data.

@ Dirac neutrino mass M,» can be arbitrary and large, unlike low scale W5
scheme.

@ Simple assumption: take k’ =0 and y <<y

1 _ 1
ﬁM(/):@}/K, MVD:$

= Same flavor structure as in low-scale LR

yK.
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NEUTRINO OSCILLATION FIT

0.36 100L 0 38 BF(NUFH) (IH) 0.70] 1ooLmH) 32 BF(NUFi) (IH)
20 CL (NH) ) & BF(NUFit) (NH) 0.65 20 CL (NH) & BF(NUFit) (NH)
0.34] 30 L (NH) . o Fi1 N . 30 CL{NH) « Fitt (NH)
* Fiiz (NH) 0.60 * Fii2 (H)
= 0.32 2
) Fis (NH) S Fits ()
o~ o_ 0.55]
c = Fitd (IH) [ = Fita (H)
‘@ 030 @
0.50
0.28 10CL (H) 1oL H)
eeeee 20 CL(H) . 0.45; oo
[E—R ) [—N )
0.26 0.40
0.018 0.020 0.022 0.024 0.026 0.028 0.018 0.020 0.022 0.024 0.026 0.028
2 02
sin“0,3 sin“03
1o CLMNH) 38 BF(NUFi) (IH) 2.7 1oL 52 BF(NUFi) (IH)
8.0 20 CL (NH) e & BR(NUFi) (NH) —_ 20 CL (NH) & BR(NUFi) (NH)
<« s00L () s « socL ()
> « Fit1 (NH) % 2.6 « Fit1 (NH)
[ * Fit2 (H) © * Fil2 (H)
w 75 |
i . Fitd (NH) o Fit (NH)
o 2.5
- . i (H) - . Fite(H)
Y = &2
7.0 o
£ 10 CL (IH) £ 24 10 L (H)
< - 20CL(H) ﬂ - 20 CL (H)
e 30 CL (IH) s 30 CL (H)
6.5 2.
0.018 0.020 0.022 0.024 0.026 0.028 0.018 0.020 0.022 0.024 0.026 0.028
.2 .2
sin“0y3 sin“6,;
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COLLIDER: LimIT ON W5

e The W5 gauge bosons as well as other new particles in the model can be
produced at the LHC.

@ Wkg boson can be resonantly produced when kinematically allowed,
which then decays into jj.

102 137 o' (13 TeV)
T ET T T T e
o [ CMS 95% CL limits
< {QgFt | Raiio —— Observed
Qg ?’"\hod‘ method B -+ 1 std. deviation
q ;_ \* ------- + 2 std. deviation
E. \
£ | T quark-quark

sl vl vl vl il 1o

-~ DM mediator
- Axigluon/coloron
— — Scalar diquark N ™, N

1075 ‘\||||\\|||\\\\|||\\‘|\||\‘\||||\\h
2

107

3 4 5 6 7 8
Resonance mass [TeV]

1911.03947
@ Lower limit of 3.6 TeV on the Wg mass.



COLLIDER IMPLICATIONS

@ Focus on 1 and vg ; Both can be light = opens possibility of production
of vg vian™.

e M, << My, due to two loop suppression. Thus few GeV M,,, = very
heavy Myy,.

@ 1™y~ can be pair-produced via the Drell-Yan process mediated by the Z
and photon.

@ The n* — (4vp, € vi. The vg — g + {, + v, through a virtual n*. This
would lead to interesting multi-lepton signals.

VaRr
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COLLIDER IMPLICATIONS

@ Three possibilities:
epp — (U ET epp — 4+ Kt epp — 6/ + F7

o pp — 4l +Er

[ o Mgy >600GeV +My=50GeV - Z-Veto ]

— n*n” — signal limit (LR)

« Limits at 95% CL

s , ‘:
o (fb)

0.10
<
0.1 0.2 03 0.4 05 0.6 0.7 0.8
M, (TeV)

’ The current limit on mass of n* is 410 GeV ‘

@ pp — 6/ + E7: no current searches available. Expect half the number of
events with much suppressed background.
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CONCLUSION

@ A simple and minimal left-right symmetric model which does not use the
conventional Higgs triplets have been presented.

@ Majorana masses for the vg are induced through two-loop diagrams
involving a singly charged scalar field *, which do not rely on
electroweak symmetry breaking, unlike the one-loop diagrams.

@ This model naturally exhibits a hierarchy in the masses of vg and Wg. If
the Wg gauge boson has a mass in the (5 — 20) TeV range, the vg fields
will have masses of a few tens of MeV.

@ Model is consistent with low energy constraints, as well as constraints
arising from cosmology and astrophysics.



CONCLUSION

@ The model presented admits type-I seesaw mechanism for the entire
range of Wg mass ranging from a few TeV to the GUT scale of order 10'®
GeV.

@ Model has excellent fits to neutrino oscillation parameters for low Wpg
scenario as well for high Wg scenario.

@ Collider implications arising from the production and decays of the "
scalar have been studied. The current limit on the n* mass is 410 GeV,
which can be improvecd to 585 at the high luminosity run of the LHC.
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Thank You
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