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1. Introduction

= Neutrinos are massless in the SM

« No right-handed v's =» Dirac mass term is not allowed.

e Conserves the SU(2)_L gauge symmetry, and only contains
the Higgs doublet (the SM accidently possesses (5 - 1)
symmetry); = Majorana mass term is forbidden.
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= Why are physicists interested in neutrino mass ?

= Window to high energy physics beyond the SM!

= How exactly do we extend it?

= Without knowing if neutrinos are Dirac or Majorana,
any attempts to extend the Standard Model are
not successful.

o Effective Observability of Difference between
Dirac and Majorana Nu is proportional to

A(D-M)ocm/E
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Possible range of (Sterile) Nu mass

(a) From neutrino oscillation and WMAP:

*  |AM, |x107°eV? Am; ~10°eV*  from neutrino oscillation
. sm. <1leV from WMAP and Astrophysics
e« m,~0(10°)eV from nuUMSM (a model)

(b) From dark matter searches:

my, = O(10)keV from nuMSM, warm DM, -+
m, ~O0(1-10)GeV from DAMA, COMS, XENON, -
m,, ~O(100-1000)GeV from SUSY, EDM, --

(C) From BAU and Inflation m, < 20GeV
(D) From usual see—saw m, ~0(10"%)GeV

(E) We can assume any value of My , which will be determined
by experiments.
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Possible bound of (Sterile) N mixing v=3 Bu,v; + BN

> B, = PMNS Mixing B,y = Sterile N Mixing

j

Present bounds for heavy N [Nardi etal, PLB327,319]
Z|{ Nel? = (s79)? < 0.005 . (572 <0.002 ., (s77)% <0.010

M. Aoki et al. [PIENU Collaboration|, Phys. Rev. D 84, 052002 (2011)

current bound on the mixing element |B.y|? < 10—®

In nuMSM, see-saw with (light RH sterile) N gives:

| .F.3'1|
e O, =MP M,

Mgg = ‘Zm Uz + M0;, |, |M1@§1| =

We can assume any value of B, which will be determined
by experiments.
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2. Probing Majorana neutrinos

= Lepton number violation by 2 units AL =2 plays a crucial role
to probe the Majorana nature of V’s,

(@) The observation of Ov([3

Black Box Ovpf

* Provides a promising lab. method for determining the
absolute neutrino mass scale that is complementary to

“"other measurement technigues " ’



_ A=consi (even)
£l : Zous £ 2vPp OvBp
E‘ /2 odd A=?6 £ 0.014 ;_
E ’ ooz |
=\ N As oo L
g N Ge _\[3' ooms
R E 0006
I 7=32 33 34 P
S R T
AV=i-7, energy [keV]
(A,Z) — (A, Z +2)+2e +27.
T2 \—1 __ v ar2v |2 d
(T7/5) = G™|Mgr| w o .
Observed for 10 isotopes: 43Ca, °Ge, 32Se, ?$Zr,1°Mo. V=¥
116 (. HSTB, ”ﬂTe, IﬁﬂNd, HSU, Tl.*'z ~1018.10%4 years w :1
i
(A, Z) = (A, Z+2)+ 2e” } )
O y—1 LNV ] 1 70 |2 72
(T5) " =1 G™ |M™|* mgg =} Usm; i .
- i Al=2 e
SM forbidden ,not observed yet: T,, ( 76Ge)>102° years
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= In the limit of small neutrino masses :

the half-life time, Tolvlz,of the Ovpp decay can be factorized

as :
- V=G (E,, 2) MY e m,, >f

0 I /

AN {__.r“

# o | ﬁ,{ p mut? : Nuclear matrix element

T 2 2m) p=m, =) phase space factor

AMAMMWWA, [/

[

. effective neutrino mass (model independent)

2 2 .l 2 la
<m,>mU;+mUu_ e ™ +mU_ e"™

=» depends on neutrino mass hierarchy



Uncertainties (O.Cremonesi, 05)

, — Nuclear Matrix Element
F’hase space ractor
‘ uncertainties

\ (m,)F
T =G, “[(m, ) =Fy 5

—

Effective Neutrino Mass Nuclear Factor of Merit
. . . 6
= |arge uncertianties in NME @ gl
S
About factor of 100 in NME = c o
affect order 2-3 in |< m, >] S
5 2
i
1o

-1
2015-11-20 Sterile N at LHC C S Kim Fyly ] 11



« Estimate by using the best fit values of parameters
iIncluding uncertainties in Majorana phases

1000,
= |1 KATRIN
e sensitivity
. | E—7 |
Long Baseline — | , 10}
2 o £
' 1
I
Normal hierarchy is 0.
NOT TESTABLE SR E— S
1 10 100 1000
Mass of Lightest Neutrino Mass Eigenstate (meV)

Bornschein, Nucl. Phys. A 752 (2005) 14¢c-23c.
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» Best present bound :

<m ><0.35-0.50 eV

“Ge—"Se+e +e"  Heidelberg-Moscow

®Ge Half-life Ty, >1.2x10%ys

consistent with cosmological bound

> m, <20 eV
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(b) Probe of Majorana neutrinos via
rare decays of mesons

(G.Cvetic, C. Dib, S.Kang, C.S.Kim, arXiv:1005.4282 (PRD82,053010,2010))
AL=2 Processes: M "> M"I/I;

= Taking mesons in the initial and final state to be
pseudoscalar (M : K, D, Ds, B, Bc / M'=pi, K, D,...)

- { (
M-
F- _
//\/ : a qj
M+ p}“ / %/ﬂ M-
U v U

= Not involve the uncertainties from nuclear matrix

elements in OBvy
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Effective Hamiltonian:
, _ _
m
Heff = _&[Ctotﬂv +CSO£V]L v X 2 pN2+ .N
2 # py —Mmy +Im Iy

o" =V V ,J* J’

t 0.9 " Q ~ 0,0~ Q i 6 . (1 )
uv __\J* 7, 1% qQ — Y — Vs g
OS o VCI2CI1VQQ J d2Ch J qQ

L,uv :U;Uiﬁﬂ“N [aw/,uyv (1_7/5)V£]

Decay Amplitude:

AM* =M 05 =<M"005 | H, [M* >
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= transition rates are proportional to

gm—

3 2
(m) =>Uu.m| forlightv
112 ) 1 2
) — 3+n U| iU, i ?

y = for heavy v

i—s M,

I'(N—>DI'(N—> f :

(N> DN = 1) for resonant v production
mNFN
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For example, leptonic current :

L,uv = (Uifuif)xv_ﬂ/ﬂ (1_7/5)\/5 x(——=)xvy, (1_}/5)\/6

2 | 2
« _ 1+ _ (@A-
— (UiEUiE)Xufyy ( 2)/5)Vi X(___)Xviyv ( 27/5) v,
x — A+y)| P, d—7s)
= U U. U \Y;
IZ( ¥4 w)x fylu 2 p‘i_m 7/1/ 2 V4
* mvi (1 7/)
ZO;LZ;UMUM p rnStFrJ ?atJLﬁgi/ 7/VCSI<imZ 5 K 17



Model Independence of Effective Theory approach

This could be any gauge boson,
e'Q‘W,W I,WR ’...

-

VCKM _)Vl
— U, o U’
G =Gy

This could be any Majorana particle,
e.g. v,sterlie—v, neutralino, heavy N,

Propagator changed

—— C,,>C
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FIG. 3: The dominating diagram (plus diagram with leptons exchanged if they are identical) in an effective
meson theory forM+ — M i+, mediated by Majorana nentrinos with mass in the range between mage

and mpyg.

= dominant contribution to the process is from the “s-type”
diagram because the neutrino propagator is kinematically
entirely on-shell
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Effective amplitude at meson level:

G M
M = U* Tf* '
M= 2 qqufufu (p, — T”“» )+ imyTy

M = Ay a7(l1) Par(1 +75) (v +mn) par (1 — vs5)v(ls)

IM|? = 32m3 {[-m%.— —mi)(ly - la) + mj ([-mi.— —m2)? —mimi,) }

1 m .9 2. TN
— dpy —my). TIn~2 E Uner| - x T
(p3 — m%)? + mz % myIT - M,

dp?,
fﬂf]’)bg :/ 2: ‘/‘(jpt‘i‘(ﬂd_}h N) ‘/(jpf-{{hr_}gﬂ M)

If we neglect charged lepton masses;

_ ¢ 2 2
| Unel* mpm? (. m2, \" (. m&
[(M— Mt~ Ve Vasar | — T -2 -
( )~ 12872 fufu‘ 1 qqu‘ E wf‘g 20, 'TH.-%’.' -m.%f
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(c) Probing Majorana Neutrinos at LHC

 In accelerator-based experiments, neutrinos in the final
state are undetectable by the detectors, leading to the
‘missing energy”.

So it is desirable to look for charged leptons in the final
state.

e Itis hard to avoid the TeV-scale physics to contribute
to flavor-changing effects in general whatever it is,

— SUSY, extra dimensions, TeV seesaw, technicolor,
Higgsless, little Higgs



Basic process we consider

= transition rates are proportional to

=

3 2
(m) =>U, U, m| forlight v
11 ) 1 2
LU U, :
— Y = for heavy v
i=4 mi
N> DIN > 1) for resonant N production
mNrN
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Testability at the LHC

= Two necessary conditions to test at the LHC:

-- Masses of heavy Majorana V's must be less than TeV
-- Light-heavy neutrino mixing (i.e., My/Mg) must be large

enough.

A(D-M)ocm/E=m=0(100GeV —-1TeV)

= | HC signatures of heavy Majorana v's are essentially
decoupled from masses and mixing parameters of

light Majorana v's.

= Non-unitarity of the light neutrino flavor mixing matrix
might lead to observable effects.

2015-11-20
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= Nontrivial limits on heavy Majorana neutrinos can be
derived at the LHC, if the SM backgrounds are small for
a specific final state.

AL = 2 like-sign dilepton events

pp — WEWE — i Fujj and pp — W = =N — pF 5

2015-11-20 Sterile N at LHC C S Kim 26



Collider Signature

Lepton number violation: like-sign
dilepton events at hadron colliders,
such as Tevatron (~2 TeV) and LHC

(~14 TeV). |—>

collider analogue to Ovpp decay

u

=

dominant channel

N can be produced on resonancel

| d
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Some Results

= Cross sections are generally smaller for larger masses of heavy
Majorana neutrinos. [ Han, Zhang (hep-ph/0904064) ]

= Signal & background cross sections (in fb) as a function of the
heavy Majorana neutrino mass (in GeV) :
[ Del Aguila et a/ (hep-ph/0906198) ]

*Background could be much larger by soft—piling up !!

@

- prptiy WEWEWT ptptig o WEWEWT
i signal background signal background
100 0.40 0.0001 2.0 0.0012
200 0.071 0.0004 0.48 0.0044
300 § 0.014 0.0001 0.16 0.0023
400 0.0032 0.00005 0.068 0.0012
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3. Discovery of light sterile N at LHC

C Dib, CS Kim, arXiv:1509.05981 (PRD(2015))

= [n previous works for LHC, my=m,  covered.
. Is a way to cover my =<m,, ?

« Cosmology & astrophysics motivate strongly my ~0.1<>50 GeV.

« How about on-shell W leptonic decays? yy+ —>I+I+u_;y

= Possible problems

» large radiative decays, W™ — u'v, +y'(—>e'e")
— we choose 4~ from W+ decay (no radiative bg)
e Final neutrino flavor not observed

— W™ se'e'u v, "W >eeuv,

- LNV (Majorana N) or LNC-LFV (Maj./Dirac N)
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W" e e'u v, VS W'—eeuv,
= two competing processes (for m sm,s<m, ):

e, ety
T H (k) -
SO / e W* e’ N(—e'u v,

N = ,v (k,)

== LNV (only Majorana neutrino N)

ef::’;' ,urf;.;):.

”W_*tq»i/ // W™ —>e'N(— uev,)

e " (ko)

= |_NC but LFV (Majorana or Dirac neutrino N)

** \We cannot indentify the final neutrino flavor, V,u or Ve
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Comments:

1. Same processes W™ —>e'e'u v,, W' - u'u'e v,
and their C.C. (as long as no + - for the same flavor)

2. Comparisonof W =17 1"'l'v vs. W™ > |+|+jj

« need well isolated energetic 2 jets (same for pPp — |+|+jj )
(otherwise large background from WW, instead of WWW)

. 2> m(N) > ~ m(W) for W-=>11j]j

> m(N) < m(W) for W-=>111nu

3. arXivi1504.02470 considered only W* —e*e"u v,
not W™ —>e’e"uv, (flavor of final nu unidentifiable)

4. Reconstruction of on-shell W at LHC (hadronic colliders)
W > 11T v or W™ > 1"v  for m(nu)~0
reconstructible event—by—event by using p(l) and m_T.
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LNV, Pure Majorana, Process: W*—se‘e"'u v,

e ) e* ()

W (@ oo

AYAVAVAVAY r.:r. FAVAV. S

V2
73

_ oo 2
M| = 5 M \Une | miy (ky - £3) {'L'I"l t) +s=la-Fk)lg- fl]}
Mg

[lib?r —_ ﬂ"lir:]z + nlirrlzr

. GEME, |Une|impy m2,\° M mN f2 .
¥+ + o+ -5y — —F W [“Nel TN _ N N T FZ _ oA
DWW —weTe n o) 25t Tn (1 ﬂfﬁ:) (1 + M2 ) ‘/[.] dEy, (mnE;, — 2E}.,)

1 Gp Mg G myy m3 \° M
v+ T 0 ok My _ my N
BriW™ = etetn ) = 55556 (.ﬁ Tw ) ('L"‘” T ) (1 :‘lfﬁ.—) (1 *ang )

_ UNE|1 ( 'J'Tt:r )2 ( ?’Tt:r
~ 4.8 % 103 | i 1N 4+,
EE=E.,‘J.T ||.|I;r'll'."r‘|_:'|2 ﬂfﬁ_— Eﬂfﬁ
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LNC but LFV, Pure Dirac, Process: W* se‘e u v,

et (¢,) H (k)
W* (g / / Pl
AVAYAYAYAY - TAVAVES +

N, W T €T (ky)

_rﬁ*‘ 1

Gr M |[UneUnul® % -
3 UneUnul™ > G2z ye ym 12,

< f_kl-fz;l{:z{k~kz}[f_k-m+ Z(a-K)la- )] —mi (ke £) 4 5 :{q k2)(g- m]}
T2

G M3 o Ty m3; \° a3, mN [2 my o 2
r+ ot = ) — W N N i [ N2 Zpd
LW = et ve) =y ot N Unil Ty [y ( Mii.-) (quﬁ-)ﬁ ﬂTE’”( y Ei — 3E

z 2

1 G M, Gz; Ty TR, My
BriWwt + ot — H Une Il nr II N 1 N 1 N
]"f_ — &' € _|u' I-"'E,.:I 12 W gﬂﬂ_ (ﬂ FH.' ) (l Ne "ﬁ | Jrhr ﬂf&_— + E‘IH

J 2 f T 2 T : Er
~ 4.8 x 103 LIVl 1UN] (1 m'*) (1+;}'; )
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Numerical studies and discussions

(A)|branching ratios:
reduced BR for W™ —>e"e"u v

| I T N AN TN TN TN T N TN TN TN N A TR N TN TN N TR TN TN N NN TR N T AN A T T N M B
20 30 40 50 (&1 T0 20
my [GeV]

™

Br=Br x [Uy.|*/(3, [Uxe|?) and Br = Br x |UynUny /(3 [Une|?), respectively.
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to separate Majorana from Dirac neutrino:

(B)[Spectrum analysis

dl
I"dEu

Normahzed muon energy spectrum, (1/1')dl’/dE,

2015-11-20 Sterile N at LHC C S Kim
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1 dir 1 e s i, 9.
(FL,W + FLNC') dey  |Unel? + [Uny|? { Unel™ (e = 25) +|UNul™ | 5% — 3%

where =, = E,, /my 15 the normalised muon energy in the N rest frame.

r ’ i ..,_H
I - -~
15 :_ __’f;/ / \\1-“‘ 7
5§ 2°F / :
- /-
L3 =

0.0 0.1 02 0.3 0.4 05
Eu

mM

Figure 5. Normalized muon energy spectrum for the signal + background dU/dE, (W — eTe™p™5,) + d /dE, (W' —
eTetpv.), normalised by the sum of the two rates. The two rates are proportional to |Uy.|* and Un %, respectively. The

curves correspond to |U,w,r=|2f|L'_N# | =1071,1, and 10 (blue, black and red lines, respectively).
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4. Summary and Conclusions

= Knowing that neutrinos are Dirac or Majorana is THE MOST
important to go beyond the SM.

= We have discussed a new way to probe Majorana neutrinos
with much less uncertainty for mass ranges of m,<mg<m,
from the rare leptonic decay of on-shell W™ —e'e'u v

= We investigated Br( WA+ > e+ e+ mu”- nu)
as well as the energy spectrum of the decays to
separate the Majorana neutrino from Dirac one.
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“Physics — Spotlighting Exceptional Research”
from APS

http://physics.aps.org/

Particles & Fields
SYNOPSIS: LHC Data Might Reveal Nature of
Neutrinos

A long—standing question over whether the
neutrino is its own antiparticle might be answered
by looking at decays of W bosons.


http://physics.aps.org/

WBS | PhySTCS ~

Synopsis: LHC Data Might Reveal
Nature of Neutrinos

Movember 18, 2015

A long-standing question over whether the neutrino is its own antiparticle might be

answered by looking at decays of W bosons.
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