Probing Majorana Neutrino at Future Electron Collider Title

Probing Majorana Neutrino at Future Electron Collider J

KR
LA

2016 £ 8 A 25 H

In collaboration with M.-x Luo, K. Wang, etc

Iy ey W S i1 ¢ Majorana Neutrino at Future Bl 2016 458 A 25 B 1/ 31



ana Neutrino at Future Electron Collider Framework

FRAMEWORK

e Introduction

e Dirac neutrino— Majorana neutrino
o The experimental search for Majorana neutrino

o the Inverse Ovf33 Signal and Collider Phenomenology

o The analysis of signals and backgrounds
o Collider Phenomenology at ILC/CLIC—e™ e~ collider

@ Results and Summary
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sutrino at Future Electron C Introduction

introduce Majorana neutrinos to the SM

* Neutrino oscillation— massive neutrino m, —Dirac or Majorana type?— unknown

If Dirac neutrino,

o Yy, — my, ’fj—‘[’ —huge hierarchy— obscure and unnatural

@ Such a scenario would be rather uninteresting from an experimental point of view.
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Probing Majorana Neutrino at Future Electron Collider Introduction

Majorana neutrino and charge quantization from anomaly free
constraint

A. The SM case:
In the SM, neutrinos keep massless exactly, and triangular anomaly free
TrU(1)y[SUB)c]? =0, TrU(1)y[SU2)1])* =0
Tr[U(1)y]®> =0, Tr[U(1)y](gravitational anomaly) = 0
= 2Y,— Uy — Yg4=0, 3Y,+Y,=0
6Y) —3Y, —3Y,+2Y] - Yi=0
6Y,+2Y—3Y,—3Y,— Y. =0

1 4 2
=Y, =—-Y,Y,=—=Y,Y,=-Y, Y. =2V,
q 3 1 u 3 1 d 3 1 e l
Only one Higgs doublet in the SM, and we redefine U(1) gauge coupling to make Ygs=+1.
Q=Iu+~
=+

The gauge invariance of the Yukawa Lagrangian

Ly = y.Qréur + yiQrodr + yclper + h.c.

:>Yu:Yq+17Yd: Yq—l,yg:Yl—l

= electric charge is quantized in the SM without right-handed neutrino.
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Probing Majorana Neutrino at Future Electron Cc

Introduction

Majorana neutrino and charge quantization from anomaly free
constraint

B. The SM with Dirac neutrino v, ylL¢vp

=  6Y3-3Y3-3vi+2Y}-Yi-Yi=0
6Y,+2Y,—3Y,—3Y,— Yo— Y, =0
Y, =Y +1

= Y, #0(Qe S 1072¢ e), Dequantization of electric charge quantization

C. The SM with Majorana neutrino vg

~vECclup

Y, = 0,or Y;=-1 — quantization of electric charge

Phys. Rev. D 41, 271; Phys. Rev. A 7, 1224; Phys. Rev. D 37, 3107
* my = strong hint -BSM

— Majorana neutrino

The simplest and the most economic extension to SM—Seesaw type-I
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Introduction

Belle

EWPD

DELPHI

2 10°
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esaw 10 ~
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n P
W
P

My (GeV)

the presence of Majorana CP phases the occurrence of the cancellation among amplitudes from 0vj3g3

would significantly weaken the limits with the number of sterile Majorana neutrinos
New J.Phys.17,n0.7,075019 (2015)
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Probing Majorana Neutrino at Future Electron Collider

the signals for inverse OvB3 at e~ e~ collider

Figure: inverse OvB3( decay, e” e~ — W~ W™

The different decay modes for the signal of e~ e~ — W~ W~
o Pure hadronic decay, e"e™ — W~ W~ — 4j
o Semileptonic decay, e"e” — W~ W~ — 2+ £~ + Ep
o Pure leptonic decay, e"e™ — W™ W~ — 20~ + Ep
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Probing Majorana Neutrino at Future Electron Collider the Inverse Ov33 Signal and Collider Phenomenology

the different backgrounds for signals

@ Pure hadronic decay, e” e~ — W~ W~ — 45
Bkgs: e e7 = W W v, e e — W Ze v, e e — ZZe e,
e e — W™ W+e_e_, Yy — wtw-
@ Semi-leptonic decay, e e” — W~ W~ — £~ +2j+ Erp
x. e e = W W — e +2j+ Er
Bkgs: e em > W W v, e e = ZW e v, e e — W e ve, vy — wtw—
e e - W W —u +2j+ ET
Bkgs: e"em = W~ W veve, vy — wtw—
@ Pure leptonic decay, e”e” — W™ W~ — 20~ + Ep
*x. e e — W W —2e + ET
Bkgs: e7e” = W W veve, e e = ZW e ve, e e — W e v, e e — Ze e
x. e e > W W™ = pu e +Ep
Bkgs: e7em > W W v, e e = ZW e v, e e = We v,
x. e e - W W~ —=2u” + Ep
Bkgs: e em = W™ W vev,
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The cross sections of different backgrounds and signals production

Backgrounds for e”e” W~ W~  varying with M,

i

Vs [GeV HES
o varying with My o varying with M

" 000 0 W [ o o oo o o o w

the Inverse Ov33 Signal and Collider Phenomenology

Phys. Rev. D 92, no. 9, 094012 (2015)
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the Inverse Ov33 Signal and Collider Phenomenology

In order to clearly present the boosted effect of W boson , we only analyse the collider
phenomenology for inverse Ov33 with /s = 500 GeV and 3 TeV

For /s =500 GeV, the basic cuts is given by

Py > 10 GeV, PTj > 20 GeV, |7]£| <25
ARj; > 0.4,ARp > 0.4, ARy; > 0.4, |njl < 5 (7)

For /s =3 TeV, the basic cuts is given by

Prp > 10 GeV, PTj > 20 GeV, |’V]g‘ <25
ARy > 04, AR[]' > 0.4, |7]j‘ <5 (8)
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Pure leptonic decay with /s = 500 GeV

mi > M2T2 = min

p 43I max{m3(Pre, By)s mr(Pres By)}]

V’T[

*x. e e > W W™ — 2e™

Signal vs Bkg

number of events

.
-
o=

b
L AT
55000 720 140 ied ie0 B 0020005001000 1208 400

My Gov. M fGeV

The distributions of M7, My and cos 6., bkl(blue): e~

the Inverse Ov33 Signal and Collider Phenomenology

Phys. Lett. B 463 (1999) 99

0

e~ — W~ W™ 2v,, bk2(orange):

e~ e — ZW e v, bk3(violet): e”eT — W™ e v, bkd(green): e e~ — Z2e™
Table: Signal v.s Bkg
Process Basic Cuts(o ~ fb) 2e” required(e) My s > 400GeV (€) My s > 450GeV (€)
Signal 5.0x10~ 3 0.84 0.68 0.6
Bkgl 2.57x1072 0.83 0.15 0.1
Bkg2 4.7x1072 0.84 0.17 0.11
Bkg3 120.8 0.83 0.3 0.25
Bkg4 24.7 0.84 0.5 0.44
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ana Neutrino at Future Electron Collider the Inverse Ov33 Signal and Collider Phenomenology

Pure leptonic decay with /s = 500 GeV

Signalvs Bkg

<= -

— oo,
e e

Figure: The distribution of cos 6., bkgl(blue): e~ e™ — W~ W~ 2v,, bkg2(orange):
e~ e — ZW™ e v, bkg3(purple): e" e~ — W~ e v, bkgd(green): e” e~ — Z2e”

Table: Signal v.s Bkg

Process Basic Cuts(o ~ fb) 2e” (€) cos e < —0.7(€) cos O < —0.8 cos Oce < —0.9(€)
Signal 5.0x10 5 0.84 0.73 0.63 0.43

Bkgl 2.57x102 0.83 0.23 0.17 0.09

Bkg2 4.7x102 0.84 0.12 0.08 0.04

Bkg3 120.8 0.83 0.19 0.15 0.09

Bkg4 24.7 0.84 0.31 0.25 0.15

I S N - obing Majorana Neutrino at Future El 2016 4 8 H 25 H 12 / 31



the Inverse Ov33 Signal and Collider Phenomenology

Pure leptonic decay with /s = 3 TeV

The distributions of My, and cos0ce:

we assume that ci=ca=c, then \/(cp11e + cBare)? = Er, ( (Pv, + pe)? m%,[,.

Signal vs Big

Signal v.s Big
2 1200 LA
£ 2 T
] g 3
5 100 88000
3 37000 3
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il et
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Mo, costy,

Figure: bkgl(blue): e~ e” — W~ W™ 2v,, bk2(orange): e~ e~ — ZW ™ e v., bkg3(violet):
e" e~ — W e v, bkgd(green): e" e~ — Ze e~
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sutrino at Future ectron C the Inverse Ov33 Signal and Collider Phenomenology

Pure leptonic decay with /s = 3 TeV

Table: Signal v.s Bkg

Process Basic Cuts(o ~ fb) 2e” required(e) 900 GeV< My, < 1900 GeV (e)
Signal 0.18 0.82 0.52
Bkgl 1.3 0.83 0.03
Bkg2 1.15 0.83 0.1
Bkg3 124.5 0.83 0.18
Bkg4 8 0.82 0.29

Table: Signal v.s Bkg

Process Basic Cuts(o ~ fb) 2e” required(e) cos 0 < —0.96(€) cos 0ee < —0.99(€)
Signal 0.18 0.82 0.81 0.71
Bkgl 1.3 0.83 0.04 0.01
Bkg2 1.15 0.83 0.02 0.006
Bkg3 124.5 0.83 0.07 0.03
Bkg4 8 0.82 0.41 0.24

Probing Majorana Neutrino at Future El 2016 £ 8 A 25 H 14 / 31



the Inverse Ov33 Signal and Collider Phenomenology

Pure leptonic decay with /s = 500 GeV

x.ece” > W W™ = pu~e + Ep

Signal Signal v Big Signal v Big

number of events
number of events

L T
087050405 002 04 06 08

cos,

2650760 ~"50" 100 125 40 760 18 200
M, 1GoV.

Figure: The distributions of Mz, My and cos6,.. bkgl(blue): e"e™ — W~ W™ 2v,,
bkg2(orange): e~ e~ — W~ Ze™ v, bkg3(violet): e" e~ — W e v,

Table: Signal v.s Bkg

Process | Basic Cuts(o ~ fb) w= + e (e) My > 400GeV ()
Signal 1.0x10 2 0.87 0.70

Bkgl 5.14x10~2 0.85 0.16

Bkg2 4.7x10~2 0.85 0.17

Bkg3 120.8 0.80 0.29
Process | Basic Cuts(o ~ fb) | u_ +e_ (e) | cosbye < —0.7(c)
Signal 1.0x10 2 0.87 0.75

Bkgl 5.14x10~2 0.85 0.24

Bkg2 4.7x10~2 0.85 0.12

Bkg3 120.8 0.80 0.19
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Figure: bkgl(blue): e”e™ —
e e — W e v,

number of events

Signal vs Big

the Inverse Ov33 Signal and Collider Phenomenology

Pure leptonic decay with /s = 3 TeV

The distributions of My, and cosf.

Signal vs Big

7 i L
5057000 7500 2000 2500 3000 3500 4t
Mo

0

05080402 0 02 04 0608
cost,

W~ W~ 2v,, bkg2(orange): e~ e~ — W~ Ze v,, bkg3(violet):

Table: Signal v.s Bkg

Process | Basic Cuts(o ~ fb) w= + e (e) My s > 900GeV (e)
Signal 0.37 0.86 0.72

Bkgl 2.6 0.83 0.03

Bkg2 1.15 0.82 0.11

Bkg3 124.5 0.83 0.23
Process | Basic Cuts(o ~ /b)) | u_ +e_ (e) | cosbue < —0.95(c)
Signal 0.37 0.86 0.86

Bkgl 2.6 0.83 0.05

Bkg2 1.15 0.82 0.02

Bkg3 124.5 0.83 0.08
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the Inverse Ovj33

Pure leptonic decay with /s = 500 GeV

Signal and Collider Phenomenology

*. e"e” = W W™ = 2u” + Ep

signal Signal v.s Bkg Signal v.s Bkg
2 T 2 400 12 2500pTTTTT T TIT T
2 e o 3505 2 —signal
2 2 2 2000 B
2 3 £ 300F 3
£ £ £ —bkot
2 1 2 as01 < 1500 1
2000
s 1000 B
E 100
so0k B
E soF-
TTTTTT SOTTV PO VT TT| I I IV
2040 60 80 100 120 140 160 180 200 200 400 600 800 1000 1200 1400 O 08Z06-04-02 0 02 04 06 08

M, /GeV M, [GeV coso,,

Figure: The distributions of M7, My, and cos@,,. bkgl(blue): e e™ — W~ W™ 2v,

Table: Signal v.s Bkg

Process Basic Cuts(o ~ fb) 2u” (e) My s > 400GeV (€)
Signal 5.0x10° 0.90 0.73

Bkgl 2.57x10~2 0.87 0.16
Process Basic Cuts(o ~ fb) 217 (e) cos 0, < —0.7(€)
Signal 5.0x10~3 0.90 0.78

Bkgl 2.57x10~2 0.87 0.24
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Pure leptonic decay with /s =

The distributions of My, and cosf,,

Signal v.s Bkg

800f

number of events

— signal

—bikgt

500 1000 1500 2000 2500 3000 3500 4
M,

Figure: bkgl(blue): e~ e

Signal v.s Bkg

2 T

§ 90005 E

e |

Broo o E

6000 E
5000 E
4000] E|
3000 E
2000 E
1000 E

%" 08060402 0 02 04 06 08

Table: Signal v.s Bkg

cosb,,

— W™ W 2v,

Process | Basic Cuts(o ~ fb) 24~ required(e) My, > 700 GeV(e)
Signal 0.18 0.90 0.83

Bkgl 1.3 0.82 0.06
Process | Basic Cuts(o ~ fb) 24~ required (e) cos 0y < —0.95(€)
Signal 0.18 0.90 0.89

Bkgl 1.3 0.82 0.05
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the Inverse Ov33 Signal and Collider Phenomenology

Semileptonic decay with /s = 500 GeV

*x. e e > W W™ e +2j+ ET
the distributions of My, and My

7TV[ = — > P pi(observed) Py = — > pai(observed) (9)
i i

Signal v.s Bkg Signal v.s Bkg
— signal — signal

3000]

2500)

number of events

2000]

1500

1000

500}

00 200 300 400 500 600 700 800 900 1000 50 100 150 200 250 300 350 400 450 500
Maovar My

— W™ e ve,

bkgl(blue): e~ e” — W~ W™ 2., bkg2(orange): e
bkg4(black): vy — WT W™

~ — ZW™ e~ v, bkg3(green): e e

Table: Signal v.s Bkg

Process | Basic Cuts(c ~ fb) | 2j+ e (e) | 400GeV< My <550GeV | 70GeV< My < 90GeV (e)
Signal 5.64x10 2 0.73 0.71 0.57

Bkgl 0.23 0.52 0.046 0.003

Bkg2 0.2 0.52 0.18 0.002

Bkg3 537.3 0.54 0.51 0.007

Bkg4 8 0.51 0.037 0.006
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Semileptonic decay with /s = 3 TeV

The distributions of Maj,, for signal and backgrounds

Duy ™ cPe, cis a constant i.e. pr(ve) = Ep, pa(ve) = pa(e) x

bk1(blue): e~ e~ — W™ W™ 2u,, bk2(orange): e~ e

Signal v.s Bkg

number of events

the Inverse Ov33 Signal and Collider Phenomenology

— ZW™ e~ ve, bkg3(violet):e” e~ — W™ e~ v, bkgd(black):
g = wtw—
Table: Signal v.s Bkg

Process Basic Cuts(o ~ fb) Liw + e~ (e) Mf_s > 2.5TeV(e) Mf,s > 2.7TeV (e) Mf.s > 2.8TeV (€)

Signal 2.2 0.77 0.76 0.74 0.71

Bkgl 13.2 0.06 0.004 0.0027 0.0023

Bkg2 6.8 0.074 0.01 0.0069 0.0052

Bkg3 774.5 0.092 0.02 0.014 0.011

Bkg4 113 0.006 0.0003 0.0003 0.0002
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Probing rans sutrino at Future ectron C

Semileptonic decay with /s = 500 GeV

* e"e” = W W™ = u~ +2j+ Ep

Signal v.s Bkg

— signal

2500

20001

number of events

1500}

1000}

T
— bkg1

bkg2

.
100 200 300 400 500 600 700 800 900 1000
Mo

the Inverse Ov33 Signal and Collider Phenomenology

Figure: bkgl(blue): e”e” — W~ W™ 2v,, bkg2(orange): vy — W W~

Table: Signal v.s Bkg

Process Basic Cuts(o ~ fb) 2j4+ pn~ () My s >400GeV (€)
Signal 5.64%x10 2 0.74 0.72

Bkgl 0.23 0.52 0.05

Bkg2 8 0.49 0.04
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sutrino at Future ectron C

Semileptonic decay with /s = 3 TeV

number of events.

Signal v.s Bkg

the Inverse Ov33 Signal and Collider Phenomenology

Figure: bkgl(blue): e~ e~ — W~ W™ 2u,, bkg2(orange): vy — W W~

Table: Signal v.s Bkg

Process Basic Cuts(o ~ fb) Liw + p~ (€) My, ¢ > 2.5TeV (€)
Signal 2.2 0.75 0.75
Bkgl 13.2 0.06 0.0026
Bkg2 113 0.005 0.0002
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sutrino at Future

ectron C the Inverse Ov33 Signal and Collider Phenomenology

Hadronic decay with /s = 500 GeV

Signal v.s Bkg

1200f

1000}

number of events

800)

00 500 600 700 800
M,

100 200

Figure: The distributions of My;, bkgl(red): e”e™ — W~ W vv,,
bkg2(orange):e” e~ — W~ Wte~ e, bkg3(green): e~ e~ — W~ Ze v., bkgd(black):

vy — WEW™
Table: Signal v.s Bkg

Process Basic Cuts(o ~ fb) 4j required( €) My; > 350GeV( €) My; > 400GeV( €)
Signal 0.16 0.66 0.65 0.63

Bkgl 0.5 0.35 0.0053 0.0006
Bkg2 1 0.36 0.013 0.0027
Bkg3 0.4 0.37 0.0095 0.0022
Bkg4 34.4 0.33 0.016 0.0031
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Hadronic decay with /s =3 TeV

Majy, distributions for backgrounds

Bkgl(red):e™ e™

Bkg4(green): vy — Wt w—

— W~ W™ 2v., Bkg2(orange): e~ e

Signal v.s Bkg

3000F AAASIARARI AR =

number of events
8
T

2000F

1500F B

1000F B

500 B

My

Table: Signal v.s Bkg

L b L
500 1000 1500 2000 2500 3000 3500 4000

— WT W~ e e, Bkg3(violet):e ™ e™

the Inverse Ov33 Signal and Collider Phenomenology

— ZW™ eve,

Process Basic Cuts(o ~ fb) 2jw, ARj > 0.4( €) Ms; > 2000GeV ( €) Ma; > 2300GeV ( ¢€)
Signal 6.7 0.73 0.73 0.73

Bkgl 34.4 0.011 0.0009 0.0001

Bkg2 6 0.018 0.0026 0.001

Bkg3 12 0.007 0.0011 0.0004

Bkg4 600 0.0033 0.0002 0
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Probing Majorana Neutrino at Future Electron Collider Results and Summary

Results and Summary

Vs =500 GeV, £ =500 fb—'; /s =3 TeV, L = 3000 fb—!
e e e = W W™ =2u" + Ep

For /s = 500 GeV, S+B*4O%’ S+le; For /s =3 TeV, S+B*7O%’ S+3218
ee e - W W™ —=e +2j+Ep

For /s =3 TeV, S+B—16%7 \/7:26
ee e = W W —=pu +2j+ Ep

For /s = 500 GeV, S+B_11%, S+B ~ 1.5; For y/s = 3 TeV, S+B_96%, \/7:70
e e e =W W —4j

For /s = 500 GeV, S+Bf47%, \/'7249 For /s = 3 TeV, 54321 \/;2121
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Results and Summary

ana Neutrino at Future Electron Collider

Results and Summary

oo

50\ s =500Gev

o001

20 w00 w0 w00 1000

M GV

Figure: 50 discovery limit for |Veg\2 and M, with 4j final states for N = 3, the red dashed line
stands for the EWPT bound; the purple line stands for 50 discovery limit with /s = 3 TeV; the
blue line stands for 50 discovery limit with /s = 500 GeV

Phys. Rev. D 92, no. 9; 094012 (2015)
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Probing Majorana Neutrino at Future Electron Collider Results and Summary

Results and Summary

@ the necessity to introduce Majorana neutrinos to SM

e we give the detailed analysis of collider phenomenology, and find that for \/s = 3 TeV
the signal will be probed more easily.

o Finally, taking the interference effects into consideration, we give the 50 discovery limit
with /s = 500 GeV and 3 TeV for N = 3.
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Results and Summary
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Results and Summary

Backup
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Results and Summary

Hadronic decay with /s = 500 GeV

\[s=500GeV, e-e-— W-W-—4j

number of events

Figure: The distributions of ARj;
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Results and Summary

Hadronic decay with /s =3 TeV

The distributions of AR of jj from W decay for signal and backgrounds

\E-3TaV, o-0-s W) B-3TeV, e-e W-W-2v, 42y, EGTaV, -0-0s Wolie-ostjoc
LABaMadd e At s Mol abiad 2 A 2 LA A s Mati et it M
5 oo g
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00f
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ool 200f E
it L IO I TP e Ly
0162 3 o 08 08 BT ba 08 g g g g g

" R, o8,

Ns=3TeV, yy— W+W-—4j
e R

2 gsQETTTTTTTI T T
= T H
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400F| 3 200 B
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AR < 0.4 = the signal mostly highly boosted= 2j — jw
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