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Neutrino Oscillation

b I 0 ss%CL.
B o cs%cL.

> Lepton Number Violation (LNV)
> Non-zero neutrino mass

> |Is the Charged Lepton Number Violated ?
u—>ey

> Does the righted-handed N exist?
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Physics Beyond SM

> SM induced LNV for charged lepton is so small, Br{u~>ey) ~10-°°,
many S physics models can enhance this decay

RPV SUSY, Extra-dim, GUT, models with Majorana N etc
Look for u2ey,and 7Z, H, 72’ 2eu, ut

> A natural way to generate LNV and neutrino mass

Introduce an effective operators to the SM

Y—LLLH2 +%qqu+...

L B

Seesaw Mechanism (type |, I, lll)

Left-Right Symmetry model offers
the Seesaw scale and heavy neutrinos

SUQ2), ®SU2)z ®U()s,
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Searches for the LNV at the LHC

> Zdecay,Z 2 eu
Neutrino oscillation predicts LNV, but Br(Z->eu)<10-9°
Indirect from u>3e: Br(Z->eu)<5x10-13
Can be enhanced by the BSM
Searches for heavy states
RPV SUSY sneutrino
Quantum Black Hole with extra-dim

> Higgs decay, H-> elut
B(H-> eu) < O(10°) from u—>ey
B(H-> elut) < O(10%) from ut—>e/uy
Direct Search promising
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Searnches for I-Ieavy N at the LHC

> Type 1:
Resonant production
via s-channel W* or W(real)
« probe light-heavy mixing
 Majorana: 50% same-sign
 Cross section depends
on |V\\|? and m,

> LRSM:
« aresonance Wg production

« TeV scale gauge bosons
(2Wx and 2°)

U.K.Yang, SNU



Heavy N productions

> Type 1.
« Resonant production
via s-channel W* or W(real)
« probe light-heavy mixing
 Majorana: 50% same-sign)
 Cross section depends
on |V\\|? and m,

> LRSM: Signal: 2 leptons + 2 jets + no pr

« aresonance Wg production
« TeV scale gauge bosons
(2W, and 2°)

> Type lll:
* Production of X0, >*-
via s-channel W*

U.K.Yang, SNU
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Detectors and Data

CMS Integrated Luminosity, pp

Key' om
Muon Data included from 2010-03-30 11:22 to 2016-07-25 21:26 UTC
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— — — - Neutral Hadron (e.g. Neutron)

w2010, 7 TeV, 45.0 pb '
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Before Searching for New Physics

June2016 0 CMS Preliminary

L i 7 TeV CMS measurement (L < 5.0 fb™)
T i 8 TeV CMS measurement (L < 19.6 fb™)
e U S R i 13 TeV CMS measurement (L < 2.7 fb™)
on jet(§' : : : : : : : : - Theory prediction
: = CMS 95%CL limit
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Ew TeEw vv=Tew Tew TEw VBF
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All results at: http://cern.ch/go/pN;j7 EW: Wosly, Zooll, l=op Th. Aoy, in exp. Ao

> Impressive agreements with the SM
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> Zéeu Lt
The most strong direct limit: '
Br(Z>eu) < 7.3x107

> Heavy state—>eu
T sneutrino: m <1.28 (2.11) TeV o
for Aysy=hs;=0.01 (A3,=0.05, A, =0.1) -
Black hole: m< 1.99-3.66 TeV for n_,;,, 4in=0-6

> H2ut
2.40 deviation from the SM observed
Limits on branching ratiog
& LFV Yukawa coupling
Br(H->ur) <1.51%
(0.75% expected)

EXO-13-005

S/(S+B) Weighted Events / 20 Ge

EXO-13-002

U.K.Yang, SNU Nl PLB749, 347 (2015) 10
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Events / 15 GeV

Update on H-> ut

5 @ 8 TeV data
13 TeV data
1), elu t(had) with 3 categories (0, 1, 2 jets)

collinear M("to) (GeV)
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HIG-16-005
23" (13 TeV)

ut 0 Jets

4.17% (exp.)
4.24% (obs.)

Mt 1 Jet

4.89% (exp.)
6.35% (obs.)

T 2 Jets
6.41% (exp.)
7.71% (obs.)
e, 0 Jets

2.24% (exp.)
1.33% (obs.)
ur, 1 Jet
4 36% (exp.)
3.04% (obs.)
ut,, 2 Jets

7.31% (exp.)
8.99% (obs.)

X
- [] £ 1 std deviation

[ ]+ 2 std deviation

8 TeV [Phys. Lett. B 749 (2015) 337]):

Observed

H-ur
1.62% (exp.)
1.20% (obs.)

6 5 10 15 20 25
95% CL Limit on Br(H—ut), %

U.K.Yang, SNU

Update Results on H-> ur

Set on the upper limits
on Br(H->ut)<1.20%
(1.62% expected):
not reached the Run 1 sensitivity
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T Wy

DY [ Total Unc.
BN Wijets+QCD  —4— Data

Events / GeV

EXO-16-001

Preliminary wes Diboson —— QBH n=1,M=1000 GeV
singleTop ~ —— RPV SUSY A=0.01,M=800 GeV

1
500

Search for heavy X—-> eu

> RPV SUSY with Tt sneutrino as LSP
Iso. high pT e/ with 35/53 Gave £
e-p pair with highest invariant mass

observed limit
------- median expected limit
[ 68% expected
[ 95% expected
RPV signal (NLO)
: =7‘132=}“231=0'01
I =7‘132=7‘231=0'1
=7‘132=7‘231=0'2

CMS

Preliminary

500 1000 1500 2000 2500 3000 3500
MVT (Ge

—@— observed limit
median expected limit
[ 68% expected
[ 95% expected
QBH signal
— dim1

Preliminary

4000

V)

N
1000 1500 2000 2500 3000 3500 4000 4500 5000
M,, (GeV)




Searnches in Type | Seesaw

two jets from W
m(jj) = m(W)

Majorana Neutrino
Same-Sign 50% of events

» Final states: dileptons + 2 jets + no missing transverse energy (MET)
> Lepton Pt> 20, 15 GeV leton pt cuts,

» Jets Pt> 20 Gave, no MET (<30 Gave)
» Use only same sign leptons channels

« Small signal cross sections but large bkgds from QCD jets
* Understanding of Z+jets bkgd, but with a lepton-charge flip
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Backgrounds: ee/uu/eu+2 jets

SM prompt lepton; MC
dibosons(VV), tt+V

Charge-flip: “data+MC”
Z(l)+2jets

15



Results JHEP 1507 (2015) 162

19.7 b (8 TeV

LA L [ L L L L L [N

ICMS ¢ Data

- Misid. electron background
Mismeas. charge background

[ Prompt background

— my = 100 GeV, |veN|2 =0.015

— my =300 GeV, |veN|2 =05

19.7 b (8 TeV)

LN L L L L L L L B L L L B

CMS ¢ Data
- Misid. lepton background

~

E Mismeas. charge background

- - Prompt background

- —— my =100 GeV, |V_V*, | =0.015
- — my =300 GeV, IV Vil =05

Entries / 20 GeV
Entries / 20 GeV

e*e* channel
High-mass region

e*u* channel
High-mass region

| TTT I TTT | TTT l T | TTT | TTT | TTT
| 111 [ 111 | 111 [ 111 | 111 | 111 | 111
1 1| | 1111 | 1111 | L1l | 1111 | 111

500 600 700 800 900 1000 400 500 600 700 800 900 1000
e*efjj invariant mass (GeV) e*uijj invariant mass (GeV)

19.7 fb' (8 TeV)
I T T T T I T =

T TTTITT
T TTTITT

T TTTTI
1 IIlIIII|
T I[IIIII|
| IIIIIII|

95% CL upper limit
95% CL upper limit

T IIIIIII|
1 IIIIIII|
T IIIII|T|
| IIIIIL|,|

—— - Expected
I Expected +1 s.d.
Expected +2s.d.

—— - Expected
——— Observed - Expected + 1 s.d.
L3 (1992)

—— L3 (2001) Expected + 2 s.d.
- DELPHI

—— ATLAS
- - - CMS7TeV

al IIIIIII|
1 IIIIIII|
T IIIIIIII
| IIIIIII|

—— Observed

C vl
C ol

L R B L - -
300 400 200

Ll Ll Ll Ll
100 200 300 400
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PLB 748, 144 (2015)

19.7 fb™ (8 TeV)

95% CL upper limit

CL, Expected |V,y[?

CL, Expected |V |?

4 |
1 O |VeNV*uN |2
------ CL, Expected

5
107507 100 150 200 250 300 350 400 450 500

my (GeV)

> LHC provides the world best limits on |V ,|? for m>90 GeV

> The first direct limiton [V, V | for m>40 GeV
U.K.Yang, SNU

Results on Mixing 7 e

17



Searches in the LRSM

Same Final state as type |
but very different kinematics

CMS Baseline Selection:

*  For my<<myy, jets and lepton from N decays overlap
- standard isolation will kill signals
« Same challenges as Type | in terms of bkgds

U.K.Yang, SNU
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Results @ CMS

.

Di-muon channel Di-electron channel

19.7 fb' (8 TeV) 19.7 ™ (8 TeV)

¢ Data (2042) « Data(1717)
ff (1382) tt (1147)
] DY+Jets (549) DY+Jets (475)
[__] Other (133) Other (151)
—— My, =25TeV (35) ——— My, =2.5TeV (29)
My, = 2.5 TeV unbinned = 2.5 TeV unbinned

Q

2

Events/ 0.2 TeV
(Events / 0.2 TeV)

> A local significance, 2.8c effect
» Consistency with the LRSM?

EPJ C74 (2014) 3149

U.K.Yang, SNU 19
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Limits in the LRSM

EPJ C74 (2014) 3149

M= My, 2

——— Observed limit
------- Expected limit
[ Expected+ 1o
[ Expected+2 ¢

> What about the results from ATLAS?

20



NBr->

Results @ ATLAS

JHEP 1507 (2015) 162

h / -« Data 2012

ee channe Myr = 2600 GeV
---Signal MC m, = 1950 GeV
% g’::l ba;:llltground Z= Total background
] Prompt [ Prompt
[] Non-prompt [C] Non-prompt

«-Data 2012

My = 2600 GeV
---Signal MC [ m, = 1950 GeV

w channel

Events / GeV
Events / GeV

10° &= ATLAS .
F 8 TeV, 2031b‘ { |l§

ﬂg WW ;
” btk

/
I/////’////////////////“//J
3000 200 00
My [GeV]

ATLAS
=8TeV, 203 o'

Invariant mass (lljj)

> No excess in ee channel (SS)
U.K.Yang, SNU > OS channel?
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Searches at 13 TeV

> A 2.80 excess in eejj channel but no excess

in dimuon channel

A composite model of lepton and quarks with contact
interaction, A:

Excited u state heavier than excited e state

arXiv:1508.02277 [hep-ph

signal A=10TeV, m*=1250GeV

background tt
background W'W'W~ —

M(e,e.jet,jet) (GeV)

U.K.Yang, SNU
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Searches at 13 TeV

Di-electron channel Di-muon channel
> EPS GeV p-(1)>53, 30 GeV
> ee or uu)>300 GeV, >=1 fat jet with p;(jet)> 190 GeV

232" (13 TeV) 232! (13 TeV)

eejj channel oees

TTetW (26.4)
DY 1.7
® data (54)
T AS M25([TeV](25.5)
A5 M35 ([TeV](58)
EM & Syst. errors

10*
M(e.e,J) (GeV) M, J) (GeV)

EXO-16-026

> Upper limits at 95% CL on the cross section *Br

> Exclude A Composite Majorana Neutrino of mass
up to 4.35 (e), 4.50(u) TeV

23



g2.1fb'at13 TeV
a large QCD tau-fake

: t(e)r(h), t(u)t(h)
nts, but a small branching ratio,
1Tat13 TeV

U.K.Yang, SNU
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Results in t(l)t(h) channel

2016 data: 12.9 fb"

>

> Pt 0 GeV, p+(t,) > 60 GeV, MET> 50 GeV

> 150 GeV, m(jt,) > 250 GeV,

> 2 jets with p>50 GeV EX0-16-023

12.9 o' (13 TeV) 12.9 o' (13 TeV)

CMS —4— Observed
Preliminary —— RH W 3TeV
[ tt+jets
[ SingleTop
I Electroweak
[ QCD multijet
[ 1 Uncertainty

CMS —— Observed
Preliminary —— RH W 3TeV
. [ tt+jets
uw [ SingleTop
[ Electroweak
[ QCD multijet
[ 1 Uncertainty

Events / GeV
Events / GeV

St = pr(f) + pr(m) + pr(jet1) + pr(jetz) + EF™ss

No excess in data, exclude W up to 3.2 TeV

25



23" (13 TeV)
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Total background: 4.8
—=s— Data
mm ttbar [3.1]

Misidentified [0.9]

Rare MC [0.4]
mmm WZ[0.3]
e ZZ[0.0]
mmm Higgs [0.0]

Seeszaw [2.1]
w(m:=4ZOGeV)

1

Events / 200 GeV
1

11 lllllll

11 lllllll

| CMS
Preliminary
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Seesaw Type lll
(Ppp =31, 2' 1)

= Observed
555 Expected +10,,

—— NLO+NLL 10,
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/ interesting
H,2" > eu & H>elur
4 LRSM to explain small v

ays and heavy neutrinos,

irst 13 TeV data
ABH>4.5 TeV (n=6)

nl?, exclude W mass up to 4.35 TeV
d 3.2 TeV (1)

> Searches will be explored using the full 13 TeV data
from many different channels

U.K.Yang, SNU
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