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Introduction



Quantum mechanics of a two-state system

» Schroedinger’s cat (an illustration):
Observation — Alive(undecayed) or Dead

O : |A) or |D)
« Hamiltonian: energy operator of the system
d
i—|0(t) = Hl ()
e Non-simultaneous observables: |[H,O| # 0

H|A) = E11|A) + E12| D)
H|D) = Eo1|A) + Exn|D)

 Alive or Dead at t? |1 4(0)) =|A) = |walt) ="



Superposition of A & D: to be or not to be?

|Eq) = cg|A) — sp| D)

- Energy eigenstates: H|E) o) = E | 2) Ey) = sp|A) + cg| D)
2) = S0 0

Lle( )) = E12|110(t)) = \77@1,2(?5)) — eiEl’Qt\El,ﬁ

* The poor cat state after some time:

Pa(t)) = eFileg|Ey) + eE2lsg| Eo)
= ("2 — P11 s9co| D) +- - - - | A)

 Probability to be found dead at t:

Pap(t) = (D] a(t))|* = sin?(20) sin>(REL)
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Weak interaction &
neutrino oscillation



From beta decay to two neutrinos

Wolfgang Pauli (1930) :
“The unseen little neutral one”
in —decay

N

A% — A 4 em 47

Enrico Fermi (1933) :
Theory of Weak Interaction

Gp~4x107%em?

Cowan & Reines (1957) :

“observed” neutrinos

Electron
neutrino

Lederman, Schwartz & Steinberger
(1961) :
“another type” of neutrinos

—+

/'H/
P
Muon \

neutrino

= Nobel prize 1988

L/(_.j # I/,Us I/p,
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Weak interaction & Higgs mechanism

Enrico Fermi (1933) :
Theory of Weak Interaction

Gp ~4 x 10733 em?

P

“‘Charged Current”
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A MODEL OF LEPTONS*

Steven Weinbergf
Laboratory for Nuclear Science and Physics Department,
Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 17 October 1967)

Discovery of
W and Z - 1983

In 1983 the direct abzervation of twa new
particles, the W and £, was announced.
These particles had been predicted by
theary and their discovery was the result
of a huge effort from the accelerator (the
SPS) and the detectors (UA1 and UA2)

Higgs mechanism

<H0> _ E




Standard Model

three lepton families

force quanta Q
a Ve Vy Vs
i oA
1+ 70 S & 2 T
W+ Z 2
Ga o three quark families
§ U C 4
bl d S b
0 / \ 2 ? ?
80,000 Masses 0.5 107 1,780
0 (MeV) 2 1300 4,300

mf:yf<HO> 5 170 174,000

N
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Neutrino Oscillation

A Quantum Mechanical effect occurring when
interaction eigenstates are different from mass eigenstates

: Ve \ [ cosf sind 1
Two neutrinos v, )\ —sinf cosf /9
Mee  Mep \ _ 7r (101 0 e
(m( u My ) = Uy ( 0 mo ) v
T VIS
P p

@wpquf’”

Ei = \/p? +m? NEer

2 (a\2\T (Terr
Oscillation probability: 7., =sin*20 sin (129’”'2?((\;{{5(““))



Three Neutrino Oscillation

‘I/(:> — ("r(:l‘yl> _l_ L‘i:E ‘V2> + ("r(:.'ﬁ‘V3>
‘I/‘H.> — ("r;:l‘yl> + ("TJ;;Q‘V2> + ("r;;.'ﬁ‘]y3>
v1) + Uralva) + Usrslys)

Vr > = Un

~
—

|
Y

0 1 0 —%,5  COys ) €
—s5,,¢ % 0 cgy, 0 0 1 0 0 g3

reactor Majorana

e Three mass eigenvalues: 1111, 119, 113 = Two mass* differences

Am3, = mi —m? (atmospheric), Am3, = m5 — m?3 (solar)

)
0 Moz Chaz

1 0 0) co.. 0 ,.¢°\/co, . O\/1 0 0
0

[ atmospheric

e Three mixing angles and three phases: 6’12? 6’2:_;;? 191:__'»;; () (;52: (,;.-5:_;;
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Ratio of Vy/Ve ~ 2
({for Ev < few GeV)

Up-Down Symmetric Flux
(for Ev > few GeV)

‘p+p.;2H+e++\", |p+e’+p-»2H+ve|

pbp pep
99.6% 0.4%

H o p o He + Y|

/

83% <<]%
15%
3 3
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hep

Pt + fHe 5 TBe + Y]
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"TBe +p o OB+ Y

* Beryllium7 ‘
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N

‘TBe +e 2L+ v,

Li+ p o HHe + e

Th Boron8
e sun ‘
burns 4 >
through | *ne + 2¢* +
nuclear = 2Ve*?
reactions

sBe - 4He + 4He

Revolution in 1998 — 2002
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0,5 In 2012

| Google Satellite View of Experimental Site ‘
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300m

Far Detector
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Origin of neutrino mass &
triplet-antitripet oscillation at LHC

EJC & Sharma, arXiv:1206.6278; 1309.6888



Neutrino mass from triplet boson

0 o Ul p, g5zl
» Higgs doublet boson: (g) s, (x/ﬁ[v+h i ]>

-
. At R A0 g A 0 | A0
» Triplet boson: (AT, AT, A"), A" =—va +Ap +iA]]
\/5 J
* Neutrino/Higgs-triplet interactions:
A varg A0 FO 0
Hy = fap Aﬂ’/ozlﬁ +vgla) + pq AYHVH-
AT lalg AtTH-H-



Triplet boson production & decays

Doubly charged boson search at LHC:
same-sign di-leptons (I+I+ or I-|-)

> 40Ty
3 - ATLAS +4-Data 2011 7 Pyt
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Triplet-antitriplet mixing

A4

AO

h 40

SN
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Triplet-antitriplet oscillation

e Initial A" = (H" +i4")/vV2 evolves as

A®)) = g+ ()|A) +9-()|A) ' =Tgo =T 0]
g+ (t) - %B_Ft/z (eﬁwﬂot + eiMAot)
* Probabilities of A goingto A or A :

_ fooo dt|g:|:(t)|2
ST X dtlg ()P + [ dtlg—(t)]?

X

(2427 1
L 2(1—|—332) _ _ Tdec
X+ = 9 2 =T T To
\ 2(1—|—$2)




Same-Sign Tetra-Lepton Signature

* Oscillation leads to same-sign doubly-charged pair production:

pp — AOAD = AOAOD  g++oW— — HH+H++4W—
ATAO = ATA0 s HH+H+HoW— — HH+H++3W -

e Production cross-section for SS4L:

2

5(4}{14_31.1_.4*) _ J(MJ_}HiHIII_I_HiAU) 'I'H.g
1 + A

x [BF(H* — HEEWF)]° [BF(HE = 2]

BF(H"/A" = H*WF)

9 .9 9
2+ Tha Tia
2 2

x [BF(H* = H¥WF))* [BF(HE: = (2%)]*

o (4F +4WF) = o (pp — H°A") l BF(H" - HEWF)BF(A" — HEWF)




SS4L production rate

e SS4L production including the oscillation factor:

LHCS8 LHC14
5 18 5 6
1.6
4 14 4 5
> 1.2 4
= 0.8
= 2 06 2 2
4 04 4 1
0.2
0 0
10 107 1072 107 107 107
in GeV
vaun e¥) Mpy++ = 400GeV
Pre-selection|Selection
. (ErEEE (LHCR-NH) 4 3
* Benchmark point: 15fb-!
(E/Ei+= (LHCR-TH) 0 ]
vA =7 x 1077 GeV, AM =1.5GeV = (LHCLANH) 110 04
100 fb~1
(E(E0+¢= (LHC14-TH) 240) 210




Conclusion

 Oscillation — a novel quantum phenomenon.

 Neutrinos exhibit a simple realization of quantum oscillation
through which their mass differences and mixing have been
measured.

» The origin of neutrino masses is a second “Higgs mechanism'’
by a triplet boson.

» Another novel phenomenon of triplet-antitriplet oscillation
may be revealed by same-sign tetra-lepton signals — stay
tuned for next results from LHC14!
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