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1 Introduction

Possible range of (Sterile) Nu mass

ta) From neutrino oscillation and WMAP:

* 2 1u10-5a\/2 2 _10-3a\/2
| Am;, [+10eV Am; ~107eV from neutrino oscillation
. zm. <1eV  from WMAP and Astrophysics
m, ~0(107°)eV from nuMSM (a model)

(b) From dark matter searches:
m, ~O(10)keV from nuMSM, warm DM, ...

m, ~O(1—10)GeV from DAMA, CDMS, 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

4/27/2015 by experlments. PPP11 Workshop CSKim



3
Possible bound of (Sterile) N mixing: ve=Y  By,vj+ BiyN
j=1
-> Bh/j = PMNS Mixing BIN — Sterile N Mixing

Present bounds for heavy N, (m(N)>45 GeV) [Nardi etal, PLB327,319]
Z|{ Nel|? = (s5)* < 0.005 . (s7)% < 0.002, (s7)% <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.11|
e O, =MP M,

mﬁﬁ— ‘Zm U_ +M] v |M]E}i]|=

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

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

(a) The observation of Ov[3[3

Black Box Ov[33

" Provides a promising lab. method for determining the

absolute neutrino mass scale that is complementary to

“8ther measurement technigués """ c o Km



_ A=consi (even)
Ele : Zous £ 2vPp Ovpp
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E v\ ooz
L "'-._ N As oo L
g N Ge _\[3' ooms
é B ..* B _ 0.006 f
E / N : BE}\—SE 0004 E
I 7Z=32 33 34 oo |
a0 a2 e
AV=i-7, energy [keV]
(A,Z) — (A, Z +2)+2e +27.
72r \—1 __ 2v|ar2v |2 d
(T75)" = G™|Mgr| w .
Observed for 10 isotopes: 43Ca, °Ge, 82Se, ?$Zr,1°Mo. V=¥
116 (. HSTE, ”“Te, IﬁﬂNd, ESSU! Tl.*'z ~1018.10%4 years w :1
d
(A, Z) — (A, Z +2) + 2e” . )
O y—1 LNY O | 3 7017 |2 2
(T1/)" = 7 G™ |M™|* mgg = _ UZm, i e
i i Al=2 e
SM forbidden ,not observed yet: T,,, ( Ge)>10%° years
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" In the limit of small neutrino masses :

the half-life time, -|-01V/2’ of the Ov[33 decay can be factorized as :

T =G (B Z) M Flem, >

/ € Ov
Wy i
AAAAAAANNAA /

: Nuclear matrix element

#Ujfgpn.r—l—-p
ek

AR 7 p—m, =) :.phase space factor

\.

&

. effective neutrino mass (model independent)

<m, >=mU2 +muUZe"“*= +mUz’e'“

=» depends on neutrino mass hierarchy



Uncertainties (O.Cremonesi, 05)

, — Nuclear Matrix Element
Fhase space ractor
|
\ (m,)P
-1 2 2
T =Gy, M- |(m )| =F y———
%”"e

Effective Neutrino Mass Nuclear Factor of Merit
. . . 6
= Large uncertianties in NME P
=
About factor of 100 in NME =» =
affect order 2-3in |<m, >| iﬁ |
2
z T

—h
oo

-1
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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
B---- . .
'q\)m/- MZ/N
LG

= Not involve the uncertainties from nuclear matrix

elements in OBvv
4/27/2015 PPP11 Workshop CSKim
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Effective Hamiltonian:

2
H =—&[Ct0t“v+CsO§“’]L X p“; bt
2 # Py — My +Im Iy
Hv o\~ HoVv
Ot _quqvqu‘ququlQ y 6 ‘" )
uv _ \7* 7, 1% qQ — Y — Vs g
OS _VCI2CI1VCIQJQ2Q1JCIQ

L, =UiU, A [uey, 7, (L= 7e)v,]
Decay Amplitude:

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

=

3 2
(m), =>Uu.m| forlightv
1o ) 1 2
s U, |°
—) — Y Rl PY

y = for heavy v
i—s M,
(N> DN = 1) for resonant v production

mNFN
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For example, leptonic current :

o
fu U.NL\QV

_ 1_ . 1_
Lyv = (UiKUiE)XViyy ( 27/5)Vz X(—==)xv7, d-7s) v,

2
= (U;Uw)XUﬂ/y (1+27/5) Vi X (—=——)xvy, (1_27/5) Vv,
- _ 1+ p, +m, (1—y.)
:Z(Uizuiz)xuﬂ/ﬂ( ZyS)(pfl _m jyv 27/5 Vv,

* mvi (1 )
_LZUMUM )Xuﬂ/ 7/1/ 27/5 Vf
4/27/2 CSKim
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Model Independence of Effective Theory approach

This could be any gauge boson,
e.8 W, W 'MW,

( I
VCKM -V

G =Gy,

This could be any Majorana particle,
e.g. V,sterliereutralino, heavy N, ...

Propagator changed

—— C,,>C'

4/27/2015 PPP11 Workshop CS Kim 14



(i) Light neutrino case m, <<my,

| |
M* M0 M

FIG. 2@ The main diagram in an effective meson theory for M+t — M ~¢tet (plus diagram with leptons
exchanged if they are identical). mediated by Majorana neutrinos. when the neutrino is much lighter than

the final meson. The amplitude is estimated considering the intermediate state on itz mass shell.
4/27/2015 PPP11 Workshop CS Kim 15



M'™ Vi M~
¢ (.

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

and mpg.

* dominant contribution to the process is from the “s-type”
diagram because the neutrino propagator is kinematically entirely
on-shell

4/27/2015 PPP11 Workshop CS Kim 16



Effective amplitude at meson level:

—

G2 M

M= L2 VaveE  fufu
9 INE @ qqufuf‘u [p, — T”“» )+ imyT N
M = Ay az(ly) par(1 +95) (Pn +mn) par (1 — ~5)v(ls)
M| = 32mi% {(-mi.— —mi) (I - o) +my ((m% —mi)? —m3ymip) }
! T . Ty =2) [Unel (2F) xT
- A — N NS : _
(p3 — m%)? + mz I myLy \ . m Ve m, ’

If we neglect charged lepton masses;

. F 2 2
., | U w\ mym? [ -m-,z.; omi
(M= M) ~ VooV P ey S N
( ) 12872 fxffl,f‘ 1 qqu‘ Z w‘g 20, 'TH%.' -m%dr
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decay C iy at maximum Br <

Kt — gttt 2.8 0.26 GeV 2.8.107°

DT — g etet 4.5-1073 0.51 GeV 4.5.10~10
DT — K¢t 1.4-10~4 0.96 GeV 1.4-107H
DY — g tet 6.9-1072 0.53 GeV 6.9-107°

DY — K—¢tet 22.1073 0.99 GeV 2.2.10710
DY — D=t 8.5-107° 1.92 GeV 8.5-1071°
Bt — ottt 6.3-107° 0.86 GeV 6.3-10713
Bt — K=t 3.6-1077 1.61 GeV 3.6-10714
BT — D=ttt 1.7-107° 3.14 GeV 1.7-1071
Bt — Dottt 4.5-1076 3.23 GeV 4.5-10713
Bf — g ftit 6.4-10—4 0.94 GeV 6.4-10—
Bf — K—itet 3.9-10—° 1.76 GeV 3.9.-10712
Bf — D=ttt 2.4-10—° 3.43 GeV 2.4-10712
BY — D_tit 6.5-10—4 3.52 GeV 6.5-10"
Bf — B—itrt 1.6 -10—11 5.76 GeV 1.6-10718

_Unel®

Brme(MT — M #T) =C

SelUnel?

the last (‘Oll_lIIlIl the expected upper bound on the hranchm(g ratios, provided |I..-"Ng\2 ~ 107% or 1077, for
4/27/2015 PPP11 Workshop Kim 20
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(iii) Heavy neutrino case m, >>mg,.,

" In this case, both contributions of “s-type” and “t-type” diagrams
are rather comparable.

" neutrino propagators reduce to -1/(my)?

4/27/2015 PPP11 Workshop CS Kim 21



(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 itis 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



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/My) must be large
enough.

A(D-=M)xcm/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.

4/27/2015 PPP11 Workshop CSKim



= 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 5t

4/27/2015 PPP11 Workshop CS Kim 24



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

dominant channel

N can be produced on resonancel

4/27/2015
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3. Issues on Displacement of Vertices

CSK et al PHYSICAL REVIEW D 89, 077301 (2014
Gronau et al, PRD29(1984)2539

= When m(z)<m(N)<m(B) in B* >I'N(>1"7")
a) N is on mass-shell
b) Two charged leptons at displaced vertices
c) Possibly 2ndary vertex fall outside of detector

o MY ="M =T M"="N)-Br(N=¢F"M")

4/27/2015 PPP11 Workshop CS Kim 26



(sec)

™

Atre et

CSKetal PHYSICAL REVIEW D 89, (093012 (2014) Llfe tl m e Of N ) TN

al, JHEPO5,035

Present

bound

TABLE 1. Present upper bounds for the squares |B.y|* of the heavy-light mixing matrix elements, for various
specific values of M.

‘”;\-’[Gc\'rJ |B.-’."«"|2 |Bp.'\"|2 |B;,-.,-'|2

0.1 (1.5+0.5) x 1078 (6.0 £ 0.5) x 10°° (8.0 £0.5) x 107*
0.3 (2.5 +0.5) x 107 (3.0 £ 05) x 107 (1.5 £0.5) x 107!
0.5 (2.0 +0.5) % 107% (6.5 % 0.5) x 1077 (25 £0.5) x 107°
0.7 (3.5+£05) = 1078 (2.5 £ 0.5) x 1077 (9.0 £0.5) x 1073
1.0 (4.5 £ 0.5) x 107% (1.5 £ 0.5) x 1077 (3.0 £0.5) x 103
2.0 (1.0 £ 0.5) x 1077 (2.5 0.5) x 107° (3.0 £0.5) x 10~*
3.0 (1.5 +0.5) x 1077 (25 +0.5) x 10-5 (4.5 £0.5) x 103
4.0 (2.5 +0.5) x 1077 (1.5+05) x 105 (1.5 £0.5) x 103
5.0 (3.0 £ 0.5) x 1077 (1.5+05) x 105 (1.5 £0.5) x 103
6.0 (3.5 +0.5) x 1077 (1.5+05) x 10-5 (1.5 £0.5) x 103

r, =1/T (total) oc 1/[m |U,, [']

For m_<mg,<mg ,

10-10
107"

10~

106}

1018

4

27/20152

PPP11 Workshop C S Kim

Therefore, for my =2GeV

Uy, F<107

r, ~107°sec

> Ly =yyByryC=1ryC~100m

=» Need consider vertex displacement

27



Correct Branching Ratios

e 1 Theoretical BR w/ unlimited detectability
r'(M* > 1'"M "), =T(M*" = 1"N)sBr(N —->1"M ")
Br(M* > 1'I'M "), =Br(M* = 1"N)sBr(N ->1"M ")

4 b2/ o
m* {I:Q / (. ;’r’ j M-
q N q

2

e 2 However, experimentally observed BR
Br(M* > 1"'I'M ™), =Br(M* —1"N)«P «Br(N - 1"M ")
where probability for N to decay inside detector (size Lo )

f‘: f+ —
A0 P, =1-exp(~L, /L)~ L, /L, / ‘*Qf -
q N N q

Ly = 7By 2



e 3 Therefore, the correct (theoretical) BR is
Br(M* —>1'I'"M "), =Br(M* > I'I'M ™), /P, ~Br(M* —>1"I"'M "), x[L, /L]

e Ex)KEKB (3.50n8 GeV), y,~2r17, ~10"sec— L, ~100m

Br(B* >e’e'D"),, =Br(B" >e’e'D7), x[100m]/ L,
 Ex) CERN LHC, m(N)~ 100-1000 GeV, P_N ~1
Br(B® >e’e'D7),, =Br(B" >e’e’D),,

=» Huge implication to the present bounds on
BIN (\/I4’UNI)



Issues on (B —¢'v) VS. I'(B* = *N)

What Belle/BaBar had done:

Bt — 171,

the basics

T +
b a ; ¢
) Vu ;’f i
B+ ) Bf-v'\igg:‘r(u{ B+ Pah-?a]mn
; L“\
u v, u v,
(a) (b)
2
G2mpm? m> ,
I(BT = (M) = L =L (1—-—L) f2|vp|*> <€Need recalculate this
87 m2 BlVub
B

e very clean place to measure fg (or V?)

and/or search for new physics (e.g. HT, LQ)

e but, helicity-suppressed: I'(BT — etre) < I'(BT — p7v,) < (BT = 7717)
e First evidence for BY — 771, by Belle
using hadronic tagging (“Full reconstruction”)

4/27/2015

PPP11 Workshop
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Need to consider:

e Due to long lifetime of N, (and small P, )

£y

= €/ _
Mt Q [ 2 7, - ]
q N N ,_.; :

2

e When you see B+—>r++miss(E,§) ,
is the event B* —s7ty  OF B .y "N ?

(where N = massive sterile (Dirac or Majorana) particle)
. « tau decay involves neutrinos, so m(nu) cannot be constrained.



g 2
Tapg (Bt = vt = %G%fﬁ [V |2 (1 - Eg) M2 me 460 3 10717 GeV

2

1 M2y 2
Poupmn (BT — vrt) = —Cp gVl (1 T ) Mph2ry = »ETa(BY = m70,)

+ .""‘]::I () M+-'II~;':HHD Ly
I II '|I ., C A & - M |II \ H"-»,__h
.'I I'. - | ————
II |I Vo [ *
e e L
u W F v H

1

Fsm{3+ — N’r"’} =

2 2
IV P1Br [P 22 (1 Miy MT)

WL IR
1
X it [(MZ + M7 (M5 — M7y — M2+ dM5 7]

M3, 2
M3 143

1
Toupnemy( BT — N7ty = ﬁaéfﬁmnﬂamwﬁ (1,

X Tge [( M2 g 4+ MAIEVME — My — M2) — drglg My ME]
pe]

M(v)=0

2

Yo =—1+%tanzﬁ
H



Need new numerical analysis
(possibly 4 cases)

1 WithinSM, M(v)=0 > Tena (BT — vt
2 With new physics (eg. 2HDM) with M (v) =0
> Toupnn (BT — w7 ™)
3 Within SM with sterileN, M(N) =0
> Tsm(BT = wrt) + TaaBT - N7
4 With new physics (eg. 2HDM) with M(N) =0
> Tompmrn(BT = w7+ Tompwn(BT = N7

Br(BA+ = tau”+ + missing) exp= (PDG average)= (1.14+-0.27) X 107-4
Br(...) SM= (CKMfitter)= (0.758 +- 0.080) X 10”-4

All parameter values from CKMfitter



TABLE I: Presently known upper bound estimates for |Ben|? (¢ = e, . 7) for My ~ 1, 3 GeV;
. . . -1
and the inverse canonical decay width L = (for vy

—9).

My [GeV]||Bey 2 |Bun|? |Ben 2Ty [mY)

—

~ 1.0 10°7 1077 1072 |115.
~ 3.0 1076 1074 1074 |2.81-104

|B_tauN| from DELPHI, ZPC74(1997)57
BR (Z° — v,,7) = BR (Z° — vi)

5

2
) (1 B m;,n;)
Mgu=

U’

1+ 1m,
* E mzn3 ’

ATLAS

spn MR (s=7 TeV
Data 2011 f Ldt =4.61b"
40 — — = kadian gxpected exciusion

[ Observed exclusien 353 CL
Observad +1cr theary

P N e s e =

10
Recent LHC (ATLAS, CMS) Results o i
for charged Higgs boson

NPB(Proc.Suppl.) 253(2014)171

90 100 MO0 120 130 140 150 160
m,. [GeV]

Figure 2: Combined 93% CL exclusion limits on tan 8 as a function
of my+ in the context of the MSSM mes scenano [6].
4/27/2015
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Numerical analysis

S
r - +1a region from BF(B* — 1 v,)
L - +20 region from BRB" — 1 v)

[
T

OD 0.3 1 1.5 2 25 3

My (GeV/)

central value = PDG2014
uncertainty = from PDG2014
compared to “SM” (CKMfitter)

4/27/2015

no charged Higgs

25
i - 10 region from BF(B* —1"v,)
[ - =20 region from BF{B'—-'(‘V‘}

0_|||||||\|||||J TN I NI R B A B O

Jl _5‘ I 2 25 3 35
My (GeV/d)

central value = PDG2014
uncertainty = (PDG2014) x0.1
compared to “SM” (CKMfitter)

March 18, 2015

PPP11 Workshop CS Kim

L an——

r ‘ - +1a region from BF(B" — 1 vy) ‘

[ - 20 region from BR(BE® -1 A

[
T

05— ]

1] 05 1 1.5 2 25 3 35
My (GeV/@)

central value = CKMfitter
uncertainty = (PDG2014)x0.1
compared to “SM” (CKMfitter)
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no heavy neutral (N)

B 5 L atioved from BE® <)
- 5% CL allowed from BF(B* -1 v

my; (GeV/E)

(S wl INETI FRRRI R RERE ERR R SRR N] ENNNI FRNRE FRR T FRR T

10 20 30 40 50 60 70 80 90 100
tan p

central value = PDG2014
uncertainty = from PDG2014
compared to “SM” (CKMfitter)

4/27/2015

1000 e T
9005 90% CL allowed from BF(B* — 1" v,) E
gmg_ - 5% CL allowed from BF{B”—-'(‘\!‘} _%
7005 =

my, (GeV/c)
g
T
|

300

200 - 3

100E- _— E

OE-H'.'l'nn.u||||||||||Ju“1....l||||I\|||I|.“J“..:

0 10 20 30 40 50 60 70 80 90 100
tan f§

central value = PDG2014
uncertainty = (PDG2014)x0.1
compared to “SM” (CKMfitter)

March 18, 2015
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B oo L atlowed from BE® < v, ‘ =

- 95% CL allowed [rom BF(B* -1 )
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¥*  When PRi=1-exp(-L,/L,) =1":

e 1 WhenP_Nbecomes1 (ie N decays within the detector
due to some unknown reason), WHAT WOULD HAPPEN?
* 2 B ">7'N and N —e'z~ (Majorana N) OR

N —>e 7" (Majorana N or Dirac N)
e 3 Therefore,

for N_M B" > re'xn” or
for N_D BjL —> z'+e_7z'+
e 4 Numerical analysis in going on.
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CSK et al JHEP02(2015)108
CSKet al PHYSICAL REVIEW D 89, 093012 (2014)

5. Issues of CP Violationin A =2 decays

e CERN-SPSC-2013-024 (arXiv:1310.1762 [hep-ex]) :
CERN SPS Proposal to search Heavy Neutral Leptons
through CPVin A =2 ata new fixed target exp.

e Theoretical background: nuMSM model

[T. Asala etal, PLB631,151; M. Shaposhnikov, PLB639,414, ...]
= N, ~100keV,100MeV < N, = N, <5GeV

01

n.ool g

e Experimental bounds for HNLs -

105

107 F

10-*



CSKetal PHYSICAL REVIEW D 89, 093012 (2014)

CP Violationin (M * - M"I717| decays

e CPVin |AL=2 Processes: M "> M"I'l]

6 4 i 4

M+ M- M* M-

DET o 58 —T(K- —=ati i)
MK+ w7 it fH) + (K- s aHi—i)

Acp =

¢ l;

Figure 1. Diagram of the dominating amplitude for the lepton number violating decay K+ —
7 £TET mediated by a Majorana neutrino N with mass in the range between m, and mg .

' M U, my,
My, = ~Gfo i ViaVity g U T
N, Pl ViV PZ —mZ_+imy, Ty,

u(lz) p k(1 —s)v(h).
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Figure 2. Non-diagonal contribution of the absorptive part of the 2-neutrino propagator to the
amplitude for the lepton number violating decay K+ — = f+f.

I'y

Miz + Mz = iGE f=fic ViagVite (A1 + A2) U.-"FLEU.-"JQE_H?Z
mg'-; mz':;
Na _ _ N a(l 1—s)u(l
8 (P_.z-.;—mi-n+f£ pf-.,——mf.,;l—ff) a(lz) p £ (1 —2)e(h),

As a erude estimate, we can assume that the lepton mixing elements are comparable
(albeit small), |Uy,¢| ~ |Un,e|, and also the deeay rates, I'y;, ~ I'yy. Then the asymmetry
simplifies to:

ﬂ.mi—
(Am3 )2+ mi 5

Acp ~ 2myTy
0.1

Acp 001

0.001

107#
10°#
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6 Conclusion



Thanks Hai-Yang, Time Flies .......

Sep 21, 2007
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