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Neutrino mass and BSM

*J physics
- trino are now known to have mass |

= Since m, = 0 in SM, neutrino mass is first
evidence of physics beyond SM (BSM).

= Origin of matter cannot be understood within
SM: its understanding requires BSM physics.

= This talk: Could both these problems be
connected to physics at TeV scale and be
accessible at colliders and in low energy
searches ?




Weinberg Effective operator
as starting paradigm for m,

= Add effective operatortoSM: - LH L H

A
M
UT
= After symmetry breaking m, = )\ﬁ

= M is BSM physics and is arbitrary; can be large

> M > v, — small m,
m Operator breaks lepton number !




Scale of L-violation

—
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= Naive lore:

= Neutrino osc data—> 771, << eV

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

= Dimensional analysis arguments, however, can
be quite misleading !!

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




Seesaw as step towards UV
écompletion of Weinberg Op.

= Add right handed nu N and a Majorana mass
for it: Seesaw mechanism:

A c
M ooV aVie

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 conform to these:

(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)




Naturalness arguments for
#Iower Seesaw scale

orrection to Higgs mass from RHN Yukawa

> Mz < 7 x 107 GeV (not a GUT scale)
(Vissani'97; Clarke, Foot, Volkas15)

= Explore TeV scale models !!



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 LR seesaw

“natural” TeV scale theory for neutrinos

= Minimal SUSY LR requires TeV scale L-violation

= How to probe this TeV scale theory in colliders

= Leptogenesis with TeV scale X 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:

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

= Can explain the origin of matter (see later)




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')



Seesaw scale is SU(2),
breaking Scale

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

l Seesaw

K M,y — O/{ hvli
U(l)em = i ( o fhlﬁ?)z
My

s If UR ~ TeV, L-violaion is TeV scale
= Any theoretical justification for TeV UR ?



Minimal SUSY left-right
i requires low scale W

upersymmetrize this minimal LR 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



Seesaw formula in TeV
é scale LR models
N

eric LR models with parity down to Tev,

K
<AL >vp < A >~
UR
K2 1
> Seesaw formula ™My = f — mD—mD
VR fUr

= First term too large for TeV seesaw; two ways to prevent
(i) decouple P breaking from SU(2),

(i) SUSYLR—> zero at tree level; 14  p~
|

1-loop small @_
R

T
[ |

hsf*k*Mgsp
16720v%




Small Neutrino masses
‘L with TeV WR (non-SUSY)
o

hLOR + hLoR + h.c.
M, = hk + hx'

mp — hK/‘FiLIi

Y

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



Right handed neutrino mass
restricted by low energy obs.

= Low scale seesaw = A p masses below 10 TeV

L — 3€, U — e+, T — 3e et
bounds restrict flavor structure of Ar coupling
J and hence RHN mass texture My = fug !

0 M 0
= One (only) allowed texture: My = ( My 0 0 )
0 0 M



éUnderstanding small nu mass

- 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]glmlT) = (
= Sym. Br. d;, €, < m; - for TeV Mg > small m,,

= Small 9, ¢ arise from one loop SUSY breaking effects;
Good fit to neutrinos (Dev, Lee, RNM'13)



Experimental searches for
TeV W, effects

m Ider searches for W, and N: LHC

(i) Direct WR production
(if) -N mixing from seesaw V/,,=

my

My

(Han, Ruiz et al; Senjanovic, Nemevsek, Nesti, Tello,..Deppisch, Dev, Pilaftsis;..Del Aguila et al.)
= New leptophilic Higgses: ATT AT
(Chakrabortty,Gluza, Bhambaniya, Zafron,..Dutta, Goa, Ghosh,Eusebii, Kamon...)

= Neutrinoless double beta decay and LFV

(Das, Deppisch, Kittel, Valle; Dev, Goswami, Mitra;....)

= Light N’s and displaced vertices (Helo, bib, kovalenko,ortiz,)




$ WR search 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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ATLAS Diboson anomaly

= Another W, decay mode: Wy 2> W, Z (via WL-WR
mixing)

= Could it be connected to 2 “Famas o

. 8 sl F=eTevan’ T o<

ATLAS diboson anomaly : T

aroun d 2 TeV? @ 10° -ggg:gggzﬁg g:&- syst)

" WZ Selection
10 | .
arXiv:1506.00962 e N
. 10"

= Anomaly in Wh channel I ST o PN
§ 3
(Hisano et al. Dobrescu, Liu; Gao, Ghosh,Sinha,Yu; g _-33 N —— ;
25 3 3.5

Cheung et al)



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)

[ ab‘ )
qq — Wr — £+ N;
q N a N — (W,
7 / ]

= Flavor dependence will probe Dirac mass M, profile:



Higher Mass WR probe at

ﬁ Future Circular colliders

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

102 !

10—3 1 I 1

\/5 =380 1TeV |

s =100 TeV

10000 20000
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30000

40000

Reach:
Mwr < 30 TeV

= Forthe /=/- 77 channel, see ng, puente,Pan’15



ﬂ New contributions to 550
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Low WR effect could
fake IH or appear in
in the forbidden area

0.06

0.02 |




* LHC and double beta reach




Constraints RH Neutrino M,
in the lower mass range
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Beam Dump searches

| |Sp|aced VerticeS (Castillo-Feliosela, Helo, Dib, Kovalenko, Ortiz'15)
= M, <1.8 GeV A

= Reach:
My, < 18 TeV

mpy (G€V)
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Understanding origin of matter
with TeV scale L- violation !




Does Leptogenesis work in
i TeV W, models

nce (Yr)?, TeV v, meansY < 107°°
JUR

Im(YTY)?

~ 10-12
AnYTY

= Vertex diagram  e¢-p ~

. nB _
= SInce o ~ 10 2Ecjplﬁeff (Kef f=wash out)
Y

= Vertex diagram does not work->resonant leptogenesis



TEY SCALE RESONANT
LEPTOGENESIS:

- neutrino mass ~ TeV scale

s H?

ng ImY?* M, My(M3 — M})
ny o |Y[2 (MZ—M?)?+ (Mil'y + MpT)?

N
s Generic model requires degenerate RHNs to get enoughn B / 1A

= Deg. Natural with our texture: ( 0 M, 0 )

My=1 M; O 0
0 0 M



Final baryon asymmetry
# from lepton asymmetry

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

n— ~ 10 CCPReff
v 2

Po/ls S

N In LR, K’eff X 1 ‘|‘FD/FS FS X MWR

= Given Y, Washout increases as M,y decreases:

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




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 !!



é Summary

scale seesaw is theoretically appealing, can
explain neutrino masses contrary to common lore!

Left-Right theories provide a simple realization with
testable collider implications (W, Z', N, A;")!

Minimal susy LR-rational requires> M, < multi-TeV

Leptogenesis bound on Wy;> M, .> 10 TeV

If colliders find Wy with mass < 10 TeV or M,z < My
or light N, leptogenesis can be ruled out.

Further impetus to search for W,!
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Thank you for your attention !




i LHC anomalies (~2 TeV)
s 3.4 0 WZ-> ]) excess (ATLAS)

s CMS JJ excess 1.80 excess
s 2.20 Wh excess (ATLAS)

= 2.80 eejj excess (CMS)
s 2.60 excess WW and ZZ channel (ATLAS)



LHC anomalies and LR
# interpretation (~2 TeV)

eV W, :0(Wg) X By,_wz ~ 600958 fb

= If no leptons > M L2 My,

= WZ channel signal at the level of 6-7 fb—> arises from
W, —W, mixing, corresponds to ¢zr ~ 0.01

s Signal fits for g, ~ 0.5 g, > ~8 excess events 7339

» Predicts ~2-3 excess events in the WhY channel —
consistent with CMS excess for this channel. bbl1

»s Should not see any signal in WW and ZZ mode.



? 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.



Distinguishing different

* mechanisms (RR vs RL)

= .Look for end points in various inv. Masses:

RL LL RR LR
2 2 2 2 2
m;; My My my my
p T o2 2 > 5
2 (mWR my)(my—miy) | (s—m v my —miy ) 2 2 2
m N\ m AT R 4 4
> 2 2 2 2 2 2 2
mﬂ ) m‘\r - mVV or mAr - mLV or m‘,\.’ or m}\r or
< 2 2 2 2 2 2
mji Mg —MN §s—my My — My | S— My
2 2 2 2 2
ma; Mwy — Mw 8§~ My Mwg i
pA
mg m¥; or m%; or miy,. 8
< 2 2 2 2 2 2 2 2
My || Mwy —My TMy | S— My T My my my
2 2 2
M55 My 8 Mg 8

(Kim, Dev,RNM'15)




M\, VS M, Plot for one

model for lepto
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i Low scale Leptogenesis Plot

130

o Mwr >10 TeV
| M, > 585 GeV

(Dev., Lee and RNM'15)
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