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

answered by looking at decays of W bosons.

2016-05-17 Sterile N at LHC C S Kim



Outline

= 1. Introduction

Probing Majorana Neutrinos via
(a) OnuBBL
(b) at the LHC

= 2. Discovery of Light Sterile Neutrino at LHC
2.-1 Counting out Dirac Sterile Neutrinos

= 3. Summary & Conclusions

= xx4, K, D, Ds, B, Bc meson RARE decays
= **5_A few Issues in probing experimentally

2016-05-17 Sterile N at LHC C S Kim 5



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.

= BUT, Neutrinos are massive.
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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: |#107°eV? Am; ~10°eV*  from neutrino oscillation
. sm. <1leV from WMAP and Astrophysics
e« m,~0(10°)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
by experiments.
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Possible bound of (Sterile) N mixing ve=3" Bu,v; + BN

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

j

Present bounds for heavy N [Nardi etal, PLB327,319]
Zu Nel? = (87°)% < 0.005 . (s7)2 < 0.002 ., (s47)% <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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* 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

“6thér measurement technigues “° " "



Double Beta Decay

_ A=consi (even)
Ele : Zous £ 2vPp Ovpp
E /3 odd A=76 g a0 ;—
E ’ ooz |
L "'-._ N As oo L
g |3+ E._. G—E _\[_))_ 0,008 E
é B ..* B _ 0.006 f
R 7=32 33 34 r:
a0 a2 T T
AV=i-7, energy [keV]
(A, Z) — (A, Z +2)+ 2 +27.
T2r \—1 __ 2v|iar2v |2 d
(T75) = G™|Mgr| w .
Observed for 10 isotopes: 43Ca, °Ge, 82Se, ?5Zr,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 LN ] A 7012 72
(Tll}j') = 7 G = |J[ H‘ Mgg = Z Dfilﬁi Ovpp .
i i Al=2 e
SM forbidden ,not observed yet: T, ( 7Ge)>10%° 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 :
1/29-1 _ A~ 0v Ov |2 2
/f:.— Ov ] =G (EO’Z)‘ M ‘ ‘< mee >|
1nr— F
# . J y p m it : Nuclear matrix element
ek
S 7 = m, —> : phase space factor

AMAMMWWA, [/

[

. effective neutrino mass (model independent)

<m, >=mUZ +mUZ2e"“s +mUz2e'“>

=» depends on neutrino mass hierarchy



Uncertainties (O.Cremonesi, 05)

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

[(m,)f

|
T_lzGov' |2'|<mv>|2:FN' >

—

Effective Neutrino Mass Nuclear Factor of Merit
= large uncertianties in NME P 2-_
g .
About factor of 100 in NME =>» =
affect order 2-3 in |< m,>] iﬁz-_
S
'

F -1
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(b) 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.

« 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

2016-05-17

2
(m)y, = ZU.. | for light v
. UI iUI i i
) for heavy v
i=4 mi
FIN=>OIN = 1) for resonant N production
m,Iy
Sterile N at LHC C S Kim
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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.

2016-05-17

Sterile N at LHC C S Kim
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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 5t

2016-05-17 Sterile N at LHC C S Kim 18



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

SWy

dominant channel

N can be produced on resonancel

| d

2016-05-17 Sterile N at LHC d S Kim




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 !!

W

- 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
2016-p-1E00 § 0.0008 Er3O0H 1HC STRY 0.0007 20




2. Discovery of light sterile N at LHC

C Dib, CS Kim, arXiv:1509.05981 (PRD92(2015)093009)
= |n previous works for LHC, my=m,  covered.

. Is a way to cover my =m, ?

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

* How about on-shell W leptonic decays? \w+ |+|+,U—;u

= 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)

2016-05-17 Sterile N at LHC C S Kim 21



W*"—see'u v, VS W'—eeuv,
= two competing processes (for m sm,<m, ):

e e,/ e ¢,/ )
w*(q) _,J'J (k) + + L - T

N = ,v (k,)

== LNV (only Majorana neutrino N)

ef::’;' ﬁrf;.;);

mf&a&/ // W™ —>e N(— uev,)

e (k)

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

** \We cannot indentify the final neutrino flavor, V,U or Ve

2016-05-17 Sterile N at LHC C S Kim 22



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 PP — |+|+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. arXiv:1504.02470 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™ =111y or W™ > 1"v  for m(nu)~0
reconstructable event—by—event by using p(l) and m_T.

2016-05-17 Sterile N at LHC C S Kim 23



Reconstruction event-by-event from on-shell W

pp >W, —> "N (— V)

10* [T "
103 -:E --------------------------------- . pp_> e"'N \§=14 Tev
Even with missing neutrino, | cffshell (bw=2)
assuming p_T(W) = 0 10—
= offshell (bw=15) 3
10 iy
8 1 E
o e F onshell (bw=2) :
M3, + 4% = 2EwE, + 2q;. pr. = 0, 10 :
where Ey, = \/m 1072 ;g
This is a quadratic equation for ¢; (the W longitudinal 1073 _E
momentum) with solution given by: = :
a4l :
M ) 107 :onshell (bw=15)
2(E2— 2 - 5
( ‘{ pL) 10'5 _E
j’((M%«ﬂti)pL)i’ (M§, + 43 MYE; F | n
VA 262 - p}) 4(E;-p7)  (E;—pi) 10 0 102 10°
m, [GeV]
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LNV, Pure Majorana, Process: W* —se‘e’'u v,

e ) &* ()

w" (@) ‘

AVA - FAVAY «
.-" W u R
N

V2
3

(M = o My | Une|*

2 )
T st ke ) { (k- 60) 77 (a-k1)(g-0)}

G M |U-.~r |4m m2, \° M mN f2 .
+ Ve I . Iy N . . E . .-.3
MW" seTetu ) = IEv""_ T (1 —‘”ﬁ:) (1 — 2MZ ) ~/|.:| dEy, (mnE;, — 2E;.)

1 G M G% m3, m3, \° m#
I+ +ot—s ) — I i .. |47F TN N N
BriW™ —evetn i) = 155 56x (ﬁ Tw ) ('L“” Ty ) (1 MZ, ) (1 g )

. Une|* ( m2, )2 ( m2;
= 4.8 % 103 | _ 1 N 14N 1.
2 b—epr [Une[? M3 2ME,
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LNC but LFV, Pure Dirac, Process: W* se‘e"u v,

et (¢, ' (k)
w*q) / / (£,
AVAVAVAVAY !E f“J

T E (k3)

_rﬁ z 1

G ME N Ly | .
g CrMwlUneUnil™ > e e e

< f_kl-fz;l{:z{k~kz}[f_k-f]1+ (- K)(a-6)] —mi (ke £) 4 5 T 2 (a-k2)(a- m]}
T2

n"_}'3 M3 ms, . ms, mN [2 T . 2
r+ E + 4+ - el it L N N N 2 e
F(H‘ =eH UE] B Eﬁ . | 'I“:L 'H‘| r"'..r ( J‘Iﬁ) (1 21.{“ ) f dEh ( E Eki 3Eh)

1 G[-‘ ‘;1:!'3; GE_J mar m?r mzr
BriWt + . +,,— — W Unr D I Iy 1 — N 1 N
rWh = etetinve) = 55 56r (ﬁ Tw ) (' veUnul* =54 ME Tz

- . - 2
18 % 10-3 JUNPIUNG® () my N\ m::*’
EE:E,H,T H"'TJ""r"f'l2 U-H
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Numerical studies and discussions

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

0004}

0.003}
k3 0,002

0.001 |

000 L, .

10720 30 40 50 60 70 8

my  [GeV]
- o
Br = Bi-:u: Wel ”E{ ;“ :111:] Br=Tr x L-m,L'HFF;“(EE Une|”). respectively.
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to separate Majorana from Dirac neutrino:

(B)[Spectrum analysis

dl
INdEu

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

2016-05-17 Sterile N at LHC C S Kim
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1 dir 1 e 1, 9.
(FLNV + FLNr:-) dep  |Une|? + [Unpl? { Unel” (e = 25) + |UNul™ | 320 — 32

where =, = E,, /my 12 the normalised muon energy in the N rest frame.
].5 :_I I 1 I ] l--I -.-'-_ I_
T ::T'j_ .
r P S
1.n;- B g’f;*’”f H\x ]
15k y ' // ‘~\ ]
=2 ".||:|E | "f / 1"“-
ro=Ur o 7]
5|8 g
L3 .

Eu
mM

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

curves correspond to |L'_,-.,r=|2f|L'_,-.,rr_, [* =1071,1, and 10 (blue, black and red lines, respectively).
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2.-1 Discovery of light Sterile
Neutrino at the LHC
when Hierarchical Mixing

e When |U_N e| <<, >> |U_N mul|

« arXiv:1605.01123
(C Dib, C S Kim, K Wang, J Zhang)

2016-05-17 Sterile N at LHC C S Kim
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LNC but LFV, Pure Dirac, Process: W* »>ee'u v,

et (¢, ' (k)
W*(q) / /’ (€
AVAVAVAVAY f& f“J

T 9 (k3)

z 2

1 G Uﬁ LG myy TR, it
Br(Wt — UpoUp |22 [ I | N
(W™ = evenve) = 05 06s (ﬁ Tw ) (l neUnul™ 25, ) ( ME Tz

A8 w 1072 \Une?|Unpl? 1_ mi : i+ mi
Y t—epr [UNeP U M 207,

‘ Br(W* —»e'e"'uv,)=Br(W — u"u'ev,)
ALWAYS !
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LNV, Pure Majorana, Process: W* —>e'e'u v,

)

2016-05-17

e ) &* ()

w* () ‘

AVAVAVAVAY r.:r. FAVAVC g

. ~ Une|® ( m3, \* ma,
~ 4.8 x 1072 | ' [ 1+ 2.
EE=E..,'..I - ||[,'hr€|2 ﬂf]:!ir Eﬂfﬁ_

Br(WW™ —>e"e"u v_ﬂ) =Br(W - u*u'e v,)
Only if  Uye|=Uy,|

Sterile N at LHC C S Kim

©)

1 Gp M. GF miy, m2, \ 2 M3
Briw™ ety ) = FiW r.. |AZF N N N
rWh = etein ) = 5562 (,,f’j ) UNel =y =3z) Mo
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Counting out Dirac Sterile Neutrinos

e If N=Majorana, N decays as Dirac or as Majorana,
THEREFORE:

1) It N=Dirac, Br(W* —e'e'uv)=Br(W = u u'ev)

2) If N=Majorana,

Br(W* —>e’e"uv)=Br(W* »>e’e’u v, )+Br(W - e'e"uv,)

U 2
— Br(\N+ — NDirac)X(1+‘ NV 2)
‘UNﬂ‘

Br(W* = " e v)=Br(W* = u*u'e v,)+ Br(W — W uev,)
— Br(W* — N )><(1+‘UN ‘ )

U
Dirac

Uy

e ‘
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C.L. of excluding Dirac N

05 1

F = |Une/Uny | 2

10

1 5
r = |Une/Uny | 2

0.5

Figure 4: Confidence levels of excluding Dirac type given the true nature of sterile neutrinos
is of Majorana type for two benchmark scenarios of my = 20 GeV (left) and 50 GeV (right).
Horizontal and vertical axes respectively denote the true values of the mixing angle ratio » and
the normalization factor s. Red solid, blue dashed and green dot-dashed curves correspond to

the 1o, 20 and 30 confidence levels of excluding the Dirac type, respectively.

2016-05-17

Sterile N at LHC

CSK

im
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3. 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  my<m,
from the rare leptonic decay of on-shell W™ —e'e'u v

and  W" >y u'e 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.

2016-05-17 Sterile N at LHC C S Kim
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**4. 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,...)

- g 1 E 2
M-
i _ _
/,) : < : :r
M+ |(\ / %/ﬂ M-
LN

= Not involve the uncertainties from nuclear matrix

elements in OBvy
2016-05-17 Sterile N at LHC C S Kim 37



Effective Hamiltonian:

2
H =—&[Ct0t‘”+CsO§“’]L X p“; it
2 # Py — My +Im Iy
Hv o _\J” MoV
Ot _quqvqu‘]qququ y 6 ‘" )
uv __\J* 7, 1% qQ — Y — Vs Qg
OS _VCI2CI1VQQJQ2Q1JCIQ

L,uv :Ui’;Uifﬂ“N [afy,uyv (1_7/5)V€]

Decay Amplitude:

AM* > M 05 =<M"0 05| H, [M* >

2016-05-17 Sterile N at LHC C S Kim



= transition rates are proportional to

=

3 2
(m). =>U U 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
2016-05-17 & Sterile N at LHC C S Kim



For example, leptonic current :

o
fu U.W\QV

O, By iy, B,
= (U;Uw)XUﬂ/y (1+27/5) Vi X (—=——)xvy, (1_27/5) \

. _ 1+ p, +M, 1—
:Z(Uizuiz)xuﬂ/ﬂ ( 27/5)( pfl _m jyv ( 27/5) Vv,

« m . 1
o LZUMU - Jx e "CE<~m275) v

-0-17; p _rnStFrll N at LHC
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Model Independence of Effective Theory approach

This could be any gauge boson,
e.g.W’W I,WR ’...

-

VCKM _)V'
—_— U, o> U’
Ge =Gy,

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

Propagator changed

—— C,,>C'

2016-05-17 Sterile N at LHC C S Kim 41



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

2016-05-17 Sterile N at LHC C S Kim 42



Effective amplitude at meson level:

—

G% 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;

. 2 2
(M — ] '+ ﬁ) 1 f f VoV ‘2 Un g\ -m.M-mf | -m-%ff | -m%.—
M =ML ) & / — — —— ) .
19872 FIMIM TV Qg2 T n, 2,
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N o s e e e e s L B e e s e s s AN
3 {=e,u
50 ” | -
' = e,l.T
o K*>n +2e" !
< 1.0:
M Z
| 0.5 ]
e
0.2 -
0.1 e [ R R B
0.0 0.1 0.2 0.3 0.4 0.5

My (GeV)

Brfor K" >z ¢/ ({=e,u) as function of mN, with lepton mixings
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FIG. 6: Branching ratios for BT — M/~ ¢t ¢T as functions of the neutrino mass . with the lepton mixing

are M' =7, K. D, D,.

factor divided out as in Fig. 4. The produced pseudoscalars (a) The case of leptons

with negligible mass (¢ = e, u); (b) the case { = 7 (here M’ = D, D_ are kinematically forbidden).
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FIG. 7: Branching ratios for B. — M’ ¢T/t as functions of the neutrino mass 1y, with the lepton mixing

factor divided out as in Fig. 4. The produced pseudoscalars are M’ = 7, K. D, D,.

Sterile N at LHC

(b) the case { = 7.

2016-05-17

with negligible mass (f = e, ju);

a) The case of leptons
(2) Rl IS



**5.1. 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 SI'N(=>1"7)
a) N is on mass—shell
b) Two charged leptons at displaced vertices
c) Possibly 2ndary vertex fall outside of detector

A i £ i _
[ | M+ Q qf M r_
N
q d,

s [(M'=£¢ M) =T(M*=F"'N)-Br(N=£"M'")
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(sec)

™

Atre et al, JHEP05,035

CSK et al PHYSICAL REVIEW D 8%, 093012 (2014) L I fe tl m e Of N /

Present
bound

(2

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

1010
10"

10-"E

10-6L

1018

5)

17/2018

my

[GeV]

IHI%Q5 Seminar C S Kim

Therefore, formy =2GeV

U, <1077

r, ~107°sec

> Ly =yyByryC=1yC~100m

-> Need consider vertex displacement

47



Correct Branching Ratios
* 1 Theoretical BR w/ unlimited detectability

C(M* = 1"I"'M "), =T(M* = 1"N)-Br(N = 1"M ")
Br(M* — I"I'M ™), =Br(M* —I"N)-Br(N —1"M ")

ol b/ o
m* {EQ / /. i : M-
q N q

« 2 However, experimentally observed BR

Br(M* = I"I'M ™), =Br(M* — I"N)eP,+Br(N —1*"M")

where probability for N to decay inside detector (size L, )

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 (3.5 on 8 GeV), 7 ~27y ~10"sec— L, ~100m

Br(B* >e’e'D"),, =Br(B" ->e’e'D7), x[100m]/ L,

e Ex) CERN LHC, m(N)~ 100-1000 GeV, P_N ~1

Br(B® >ee'D"),, =Br(B" >e’e’D7),,

-> Huge implication to the present bounds on
BIN (\/I4’UNI)



**5-2. lssues on I'(B"=>7'v) vs. T'(B" - z"N)
G Cvetic, CS Kim, YJ Kwon, PRD 93(2015) 013003

What Belle/BaBar had done-

Bt — 7. the basics

— — +
b '\\ 7 '€+ b F
Y V .;-’ .
B Yub Pati-Salam
B—I- ) AU J{i{\ iV J{\ B+ !
SOWT o
H”f \ y " V
¢ i

(a) (b)

DB — (tuy) = )

2 2 2
Ggmpm; ( m;
B

2
. — ) f2|V|*  €Need recalculate this

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 PRL 97, 251802 (2006)
using hadronic tagging (“Full reconstruction”)
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Need to consider:

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

_ 4 6/
2 [ ¥ 000]
N N q

o 2

+ When you see  B" — 7" +miss(E,P)
is the event B"—>r'v or B">7'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 ., v A & - M |II \ H"-»H
.'I I'. - | ————
II |I Vo [ *
e e L
u W F v H

1

+ +y —
Dapa( BT = NrT) =

2 2
CRIBIVaa [ Br P 212 (1 My MT)

LR
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

ro =—1+%tanzﬁ
H



Need new numerical analysis
(possibly 4 cases)

1 Within SM, M (v) =0 > Tant (BT — wert)
2 With new physics (eg. 2HDM) with ~ M (v) =0
> Toupnrn (B — w7 ™)
3 Within SM with sterile N. M(N) =0
S Tam(BT = et 4 Fapa( BT — N7
4 With new physics (eg. 2HDM) with M(N)=0
> Tompmn(BT = w7+ Tomowmin(BT = N7

Br(B™+ = tau™+ + missing)_exp= (PDG average)= (1.14+-0.27) X 10"-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

=2).
My [GeV]|| B 2 | Bun[? | Bon[?| Ty !
~ 1.0 10-7 1077 1072 |115.
~ 3.0 10°¢ 107* 107* |2.81-10%
|B_tauN| from DELPHI, ZPC74(1997)57
BR (2’ — v,,v) = BR (Z° — w) |UJ (1 — :i—zﬂ)
x(1+%$i:5) EED ATLAS

mpe |s=7 TeV
Data 2011

det:iGl’b"

[ Observed exclusien 353 CL

Observad +1cr theary

== (bserved -1cr theory

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

10
NPB(Proc.Suppl.) 253(2014)171 :

|

80 100 M0 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].
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Numerical analysis

IIIIIIIIIIIIIIII 2.5

o 15
Z z
S =]
s
=
= 0.5
O.I L1 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:
0O 10 20 30 40 50 60 70 80 90 100 1.5 2
tan M, (GeV/c?)

FIG. 1. The allowed regions determined from the measurement of B* — z*v in two cases: (left) the allowed regions in the parameter
space of Mg+ vs tan # in 2HDM(II) assuming that the missing momenta are only from v, of the SM; (right) the allowed regions in the
parameter space of My vs |U,y| assuming no contributions from charged Higgs but allowing the possible contributions from heavy
neutrino N. The dark- and pale-shaded areas (red online) correspond to 16 and +2¢ allowed regions, respectively.
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2.5 LI L I LI I LI L I LI I LI I I 1 2.5 LI L I LI I LI I I LI I LI B I | I 1

2 = 2 =

1.5 . 1.5k .
- T 1= :
Sl 1= | -

1 1 -

0.5 - 0.5 -

{}_I T T AT BT A

0.5 1 1.5 2 2.5 3 1.5 2

M, (GeV/c?) M, (GeV/c?)

FIG. 2. The allowed regions in the parameter space of My and |U | assuming no contributions from the charged Higgs, where the
+ 16 and 20 allowed regions are displayed by dark and pale shades (red online), respectively: (left) the central value of B(B* — t%v)
is taken as the current world average Eq. (1), while tenfold reduction of uncertainty is assumed; (right) the central value is taken to be the
value predicted by the CKM unitarity constraint, also assuming tenfold reduction of experimental uncertainty. In all cases, the
comparison is made to the value determined from the CKM unitarity fitting Eq. (2).
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]000 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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M, (GeV/c?)

\
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\

M, (GeV/c?)
g
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

0 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 0 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
tanf3 tanfd

FIG. 3. The allowed regions in the parameter space of Mg+ vs tan f# in 2HDM (type 1), assuming no contributions from heavy neutral
particle N, where the £+ 16 and 426 allowed regions are displayed by dark and pale shades (red online), respectively: (left) the central
value of B(B* — t*v) is taken from the current world average, while tenfold reduction of uncertainty is assumed; (right) the central
value 1s taken to be the value predicted by the CKM unitarity constraint, also assuming tenfold reduction of experimental uncertainty. In
both cases, the comparison is made to the value determined from the CKM unitarity constraints Eq. (2).
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1000 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 1000IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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(b)

(a)
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(GeV/c?)

My, (GeV/c?)
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300

200

100

=L
=

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
OU 10 20 30 40 50 60 70 80 90 0 OU 10 20 30 40 50 60 70 80 90

tanf3 tanf3

0

FIG. 4. The allowed regions under the assumption that both H™ and N contribute to the measured value of B* — 7¥v, based on the
decay rates of Eqs. (5) and (8b). (a) The allowed region in the parameter space of M+ and tanf8 when My = 1.0 GeV/c? and
|U_y| = 0.6. (b) The allowed region when M, = 1.0 GeV/c? and |U_y| = 0.5. (c) The allowed region in the parameter space of |U _y]|
and My when M+ = 200 GeV/c? and tanff = 56.5. (d) The allowed region when M+ = 200 GeV/c? and tan f = 55.
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FIG. 4. The allowed regions under the assumption that both H* and N contribute to the measured value of B* — %y, based on the
decay rates of Egs. (5) and (8b). (a) The allowed region in the parameter space of M+ and tanf when My = 1.0 GeV/c? and
\U.x| = 0.6. (b) The allowed region when M, = 1.0 GeV/¢? and |U 5| = 0.5. (¢) The allowed region in the parameter space of |U ]|
and M, when My =200 GeV/c? and tan 8 = 56.5. (d) The allowed region when M+ = 200 GeV/c? and tan f# = 55.
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CSK et al JHEP02(2015)108
CSK et al PHYSICAL REVIEW D 89, 093012 (2014)

**5-3. Issues of CP Violation in A =2 decays

« CERN-SPSC-2013-024 (arXiv:1310.1762 [hep-ex]) :
CERN SPS Proposal to search Heavy Neutral Leptons
through CPV in A, =2at a new fixed target exp.

* Theoretical background: nuMSM model

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

01
. Seen v
0.001F By I~

* Experimental bounds for HNLs .

105

107 F

10-2 L L L L S
02 03 1o a0 5.0 10.0



CSK et al PHYSICAL REVIEW D 89, (093012 (2014)

CP Violation in M* ML decays

« CPVinAL=2 Processes: M "—>M"II;

6 4 i 4

M+ M- M* M-

MY o () —T (K- =77 ()
MK+ =+ m it + (K- = oti—i—)

Acp =

¢ ¢
K+ TI__

N _

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 .

r2 .
A L.-'»':{ LN,
2 a
—my, +imy, 'y,

Mp, = —Gifa i ViV, =

L

i(lz) p k(1 —ys)v(l).
Py '
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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

Mz + Mz = !'G%fxff( VaaVie (A1 + Az2) [;ﬁlfyﬁﬂﬂ—nfi?
v 2
MNa My _
h (P_.z-.;—mi-g+ff pi-—ﬂli-l—ff) a(lz) p K (1 —7s)u(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—

Acp ~2myTy )
o NN (Am3 )2 + m3 T

01

Aep 001

0.001

107#

10°#
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