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Recent efforts in quantum field theory have given rise to increased interest in nonlinear, gauge-type field
theories. In this paper, we examine the Yang-Mills field, which is a theory of this type, which lies between
electrodynamics and general relativity in complexity. The quantum Yang-Mills field is introduced to
satisfy the requirement of invariance under isotopic phase transformations of the second kind. The theorv

V. QUANTIZATION IN THE GAUGE by =

The radiation gauge possesses the drawback that a
closed form solution of the constraint equations (for
the desired variables) 1s not obtainable. It is thus not
clear whether meaningful operator relationships exist.
In this section, we examine an alternate gauge
condition's:

b32=0. (5.1)
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% Origin of matter is a fundamental problem of
cosmology and particle physics.

% Discovery of neutrino mass has led to widespread
belief that lepton number is not good symmetry of

nature and may provide a way to understand the
origin of matter !

“ The goal of the talk is to explore if these ideas are
testable at the LHC and future colliders.



Lepton number violation
Eh and neutrino mass

eutrino masses are now known to be small ?
How do we understand its smallness ?

= Discovery of 125.5 GeV Higgs A° has “solved”
the mass problem for quarks and charged

leptons !! mys = hivwr v, =< h® >

= This does not, however, solve the neutrino
mass problem, since h, v, is a trillion times
larger than observed neutrino masses for h, ~ 1



Weinberg Effective operator

as a clue
= Add effective operatortoSM: - LH L H
A
M
UT
= After symmetry breaking  fm, = )\ﬁlC

= M is BSM physics scale and arbitrary; can be
large M > v, — small m,

n Weinberg operator breaks lepton number




So what is the Scale of L-
violation M ?

mportant to know to test this idea

2

= Usual lore: [Tv = Avﬁ

= Neutrino osc data> 1M, << eV

= Soif A~ 1; M~ 10 GeV (Beyond reach!)

= Dimensional analysis arguments however can
be quite misleading !!

= [0 explore true L violation scale, UV completion
of Weinberg operator essential (build models) !




Seesaw as step towards UV
écompletion of Weinberg Op.

= Add right handed N; and a Majorana mass for
it: >Weinberg operator (Seesaw mechanism):

N\ c
M ooV eViy

Minkowski'77, Gell-Mann, Ramond, Slansky;Yanagida; Glashow; Mohapatra,Senjanovic'79

= Majorana mass of N > L violation
= Could Majorana N be accessible (~TeV) ?



BONUS FROM SEESAW UV COMPLETION
Iﬂ’TOGENESlS ORIGIN OF MATTER

- Fukugita and Yanagida (1986) RH neutrino is its own anti-particle:
so it can decay to both leptons and anti-leptons:

s Proposal: Heavy vp decays:

VR_>[L'|'H R=(1+€)
I/R—>L--H R=(1—€)

= Generates lepton asymmetry: AL (Leptogenesis)
= Sphalerons convert leptons to baryons

(Kuzmin, Rubakov,Schaposnikov’83)

s Related to neutrino mass and hence attractive;
motivates search for CP violation in nu-oscillations !!




Can seesaw and hence
ptogenesis scale be TeV's ?

.éerch for explicit UV complete models

= Guiding principle in this search

(i) Existence of N should be predicted by theory
(i) Seesaw scale should be related to symmetry
= TWo simple theories that provide answers:

(i) Left-right model where N is the parity partner
of /1, and seesaw scale is SU(2); scale could be TeV

(i) SO(10) GUT where N+15 SM fermions =16 spinor

and ceecaw ccale = GLIT ccale 7HAard to tect)




General arguments for
*Iower Seesaw scale

= Naturalness: Correction to Higgs mass from
RHN Yukawa

> M; < 7 x 107 GeV (not a GUT scale)

(Vissani'97; Clarke, Foot, Volkas15)



SUSY +Leptogenesis also
i prefer low scale seesaw

or leptogenesis to occur, My < T,oheat 5

» Gravitino overclosing prefers that T, < 10°
GEV (Kohri et al.)

> Hence preference of leptogenesis for lower
seesaw scale !



This talk: TeV Left-Right

* seesaw
: : A “natural” TeV scale theory for neutrinos

s SUSY LR requires few TeV scale L-violation in
minimal models

= How to probe this TeV scale theory in colliders

= Leptogenesis with TeV scale ¥ and constraints



* Left-Right Model Basics

basics: Gauge group: SU(2), ®SU(2), ®U(1),_,

s F '
ermions u, £ (MR ) v, {i V,
dL dR €L €p

— —

Er7 4 1m0 T ou
L=5[JL WﬂL+JR WMR]
= Parity a spontaneously M/ We > M W
broken Symmetry: (Mohapatra, Pati, Senjanovic'74-75)




Why these models are
# attractive ?

ew way to understanding parity violation:
= A more physical electric charge formula
= Explains small neutrino masses via seesaw:
= Solves strong CP problem without axion:

= With supersymmetry, provides a naturally
stable dark matter (automatic R-parity)

= Can explain the origin of matter (see later)




Seesaw scale is SU(2),
breaking Scale

(2)L X SU(Z)R X U(l)B_L
VR (AL=2) My = foug
SU(Q)L X U(l)y

l Seesaw
K M,y — O/{ h:;
U(l)em = i ( o ?hlﬁ?)z

s If UR ~ TeV, L-violaion is TeV scale My



Minimal SUSY left-right
i requires low scale W

upersymmetrize this minimal LR seesaw model

= First consequence: Tree level global minimum
violates electric charge: < AT+ >=£ 0

(I) unless R-parity is broken  (kuchimanchi, r. n. M.94, '95)

(ii) W, mass has an upper limit: My, < ——2%

-
l.e. Wris in TeV range !
However due to RPV, neutrino masses get complicated !



Minimal SUSYLR with exact

* R-parity
m end with a singlet and add one loop—> RP exact !

( Babu, R. N. M."08; Babu, Patra’14; Basso, Fuks, Krauss, Porod15)

s Upper bound on W, required
to conserve electric charge,

s Implies a light (< TeV) doubly charged Higgs

a Neutrino masses from usual seesaw



Small Neutrino masses
‘L with TeV WR: Details
-7

hLOR + hLoR + h.c.

y ~
Mg — h/€—|—h/ﬁ)/

mp — hK/‘FiLIi

x O

= Using ¢=(O ,(.)9

= How to get small 7. for TeV seesaw:
(i) K =0;h ~ 10755 (~ B"M)
(i) Cancellation with x’, K similar
(iii) assume texture for Dirac mass }

h, h

much larger



Mass textures making TeV
#scale seesaw “natural”

- utrino Mass texture:

mi 01 €1 O M; O
mp = mo 52 €2 MN m— M1 0 0
ms 53 €3 0 0 Mg

Mp, , 5 ~ GeV =Y, ~ 107°-10~*
= Sym limit€;,0; — 0> m, = mDM};lmlTj = (
= Sym. Br. d;, €, < m; - for TeV Mg > small m,,

= Small 9, ¢ arise from one loop SUSY breaking effects;
Good fit to neutrinos for LR seesaw (e, ee, rum13)




i Tests of the model

= Look for W Z', N; at LHC and 100 TeV
collider
= “Exotic” leptophilic Higgs e.g. AT, AT

= Search for 33,, , # — e+ 7y, other leptonic
rare decays

= Leptonic edm




i. WR Signals at LHC

’ﬁ v ..
<‘{R N — 1" jj

/"J
(Keung, Senjanovic'83)

\

\

\ )°

= Golden channel: 4:£xjj :

= Probes RHN flavor pattern: Ag+ g5 o< My




Current LHC analysis: only




Intriguing excess in CMS

. S: arXiv:i1407.3683
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(Deppisch Gonzalo,Patra,sahu,Sarkar;
Heikinheimo, Raidal, Spethman Aguilar-Saavedra, Joachlm Fowlie,Marzola’14; Gluza, Jelinsky15)



New (RL) contribution to
* like sign dilepton signal

enVyn ~ 0.01 — 0.001, new contributions:

(Nemevsek, Tello, Senjanovic’12; Chen, Dev, RNM’ arXiv: 1306.2342- PRD)

P ’</e+ W L

Flavor dependence will probe Dirac mass M, profile:
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Understanding origin of matter
with TeV scale L- violation !




TEY SCALE RESONANT
LEPTOGENESIS:

0 neutrino mass ~ TeV Scale(FIanz, Pascos, Sarkar:

Pilaftsis, Underwood; Covi, Roulet, Vissan)i

E X Y2 (M3 — M?)? + (M + M,I'y)?
= Generic model requires extreme degeneracy

among RHNSs to get enoughng/n,
= Built into our texture



Final baryon asymmetry
# from lepton asymmetry

aSh OUt effeCt ImpO rta nt: (Buchmuller, Di Bari, Pliumacher)

ng ~ 10" %¢ P
« In LR models, K(Mw,, Yy, ..)

s Washout increases as neutrino Yukawas
increase or M,z decreases: lower bound on M,

| TWO papers: Sma” Y: MWR >18 TEV (Frere,Hambye, Vertongen)
Larger Y with nu ﬁtS:MWR > 10-13 TeV (Dev, Lee, RNM.’14)



M,z VS M, Plot where
‘-L Ieptogene5|s works

1 .:o..: .“§3 °

(Dev,Lee, RNM:arXiv:1503.04970)

e Mwr >10 TeV
ek M, > 585 GeV
3 O R R AR ﬁ:::g,g
~1.0 ~0.5 0.0 0.5 1.0

Log, [my/TeV]

s Discovery of W, below 10 TeV will rule out
leptogenesis as a mechanism for origin of matter.



lectron edm as a test of such
odels
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ﬁ Summary
= Left-Right theories provide an attractive

realization of TeV scale seesaw with testable
collider implications (W, Z', N..)!

= Minimal susy LR requires few TeV WR !!

= In particular, if colliders find Wy with mass < 10
TeV or My < M leptogenesis will be ruled out.



+

Thank you for your attention !




‘L TeV W, seesaw models

= Generic seesaw: smallm, — Y, ~ 107°°
and fine tuned RHN masses !

= Special textured seesaw has two features:
(i) Larger Yukawas Y, ~ 1073

(i) Naturally deg N, , since ;, _ ]\21 ]\gl 8
0 0 M

= Leptogenesis different:



Leptogenesis and TeV W,
ﬁ :case of Y=10¢°

= Small Yukawa Leads to strong wash out : (rrere,
Hambye, Vertongeni1) SINCE

N'R CR

Wr S>> F(VR — KH)

= Strong wash-out K too small Unless Myr > 18 Tev;

> Discover W, below this mass at LHC—> rules out
leptogenesis for generic TeV scale LR seesaw!!




‘-L How does the bound arise ?

['(vg — £h) — D(vg — Oh)
[(vg — ¢h) +T'(vg — ¢h)

1 I'p
s Fi : = S
Final asym: 7 KTph+ s

= Pre-washout CP asym. ¢ =

I'p
= In LR models, a crucial parameter is T
I'p y? ; generic TeV W;>Y~106

X
s g*(Mn/Mwg)* > l;_D ~ 10~ % unless M,z >18
—= TeV




é Case of My > My

conserving decay mode N — Wpr + /4
dominates !

= Leptogenesis impossible oeppisch, Harz, Hirsc1a)

s If experimentally it is found, M, > Mz, this by
itself can rule out leptogenesis as a mechanism
for origin of matter !!



{ New contributions to 550
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? Leptogenesis with M,. << M
= Effective theory: SU(2), x U(1),,, x U(1)p—1
= Z' couples also to NN and effects leptogenesis
= Origin of CP asymmetry same as in WR case via
resonant leptogenesis and requires deg N, »:
€ can be as large as 1.
= Washout has no W, contribution but only
NN-> Z'-= qq, |l type.
= Lower the Z’, more washout in generic case




i Lower bound on M,

= (Blanchet, Chacko, Granor, RNM2009, PRD)

M, > 3 TeV

0 1000 2000 3000 4000 5000
Mz [GeV]



Directly probing leptogenesis
in Z' case:

= Lepton asymmetry & is directly related to the
following collider observable:

N = N(E—6-) 23, &
N+ N~ 5,1

= Makes it possible to see origin of matter
directly.



New Higgs fields and

* Yukawa couplings
= LR bidoublet: ¢=(¢10 ¢2+)
ZRN
= Triplet to break B-L and . (%N A
generate seesaw: o LA
\ v2

Ly = hLoR+ hLoR+ fRRAR + h.c.

A O O LS O
= R>=(VR O) ¢_(O K')



Texture alternative (Iil):

s LOw scale seesaw vy~ 10 TeV

s — 3€, U — e+, T— 3€
bounds restrict flavor structure of My = fug

My O 0

s Favored texture: 0 M, O
My =
0 0 M



Higher Mass WR probe at
ﬁ Future colliders

O far one study by Rizzo: Wy — ¢ + v/ channel

I I I I 1 1 I I I J I 1 1 1 I

102 BE
10l -
Vs =100 TeV T Myr < 30 TeV
S 100 E— —
ot 2 =
s
o7t =
2 Vs =80 Te :
1072 —
10—3 I 1 l 1 1 1 1 I 1 1 1 L l 1 1 1
10000 20000 30000 40000

Mass (GeV)



