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Motivation

Efor complete coverage of new physics searches

Neutrino oscillations m, £E0 needs BSM
Lesson from the LHC vi FL Hf R
on 3rd gen. charged
fermions and the Higgs _ _ _ )
fermions | anti-fermions Dirac O31
T R
e 10 CMS &ATLAS 016 | Ms = Yyf V

:LO!3E

10'° .

¢ ATLAS+CMS ]
------- SM Higgs boson |
— [M, §] fit ]

[]68%CL

[ ]95% CL
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Particle mass [GeV]

Mass sourced via SSB due to the Higgs
vev and asingle Dirac type Yukawa

coupling



Neutrinos

Special, both Dirac and

T T
- . mp i lg+m !/ClL + mr!gCl!
Majoranamass possible D LR LLerL R !'RCIR

fermions = anti-fermions Majorana 037
Lepton number is broken Racah, Furry 039
Seesaw contains both m ! m." m} mlleD



Neutrinos

Special, both Dirac and

T T
- . mp i lg+m !/ClL + mr!gCl!
Majoranamass possible D LR LLerL R !'RCIR

fermions = anti-fermions Majorana O37
Lepton number is broken Racah, Furry 039
m ! mg" mimgimp

¥ Which is it?

¥ Are all neutrinos protected by gauge symmetry?

¥ If so, where are the OMajoranaO gauge and Higgs bosons?
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unibcation of forces weak force asymmetry minimal gauged seesaw
SU(B),S0(10),Eg,... SU@):! SUQR)L! SU@2)r
SU(3)? U(l)s: L
SU2).! SU@)r! UW)g 1 talks by Wei Liu and

Jon Butterworth

@ NV 16,27, ... p-decay: Mgyt ! 10'° GeV

unibcation
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unibcation of forces weak force asymmetry minimal gauged seesaw
SU(B),S0(10),Eg,... SU@):! SUQR)L! SU@2)r
SU(3)3 UL)s: L
SU@2)L! SU@)r! Ul)s L
Pati, Salam O7¢F
w - K-decay: Mpsg ! 10° GeV
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partial unibcation 'R K & Boscillations: My, ! 3! 4 TeV
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colliders

mLRSMBavor bxed Vgl ! V1 o 2"

eEDM, wDM, E



Colliders

Estriking signals of LNV, Left-Right as a paradigmatic example

New gauge bosons

New Higgses

On-shell Majorana fermion

N N I 1%jj 50-50% same-opposite sign
N Iy | @5 m@: Mw, * 10 GeV °
N 3 TeV My




G au g e SE Cto I Keung, Senjanovi" 083

D y Main feature: €pton NumberViolation
Wr

production
bxed by CKM

Ravor states measurd/R! (free)

more on the Majorana nature

Gluza, Jelinski 015 016
Das, Dev, Mohapatra O17

narrow mass peaks for my <M .

Mjj = MIN;
~N0 MIssing energy

VR|-|-|\/||\|VRI = My

predict Dirac couplings  MN, Senjanovi", Tello, O:
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channel: pp! Wgr! IrN

Keung, Senjanovi" 083

(8! m2)* (26+ m3)

! 2# ‘2

bi!jN (8) _ ‘VCKM

clear peak

MWR =4 TeV

Mipy (Wr) [ ]

Minv disappears

280 (o Mg, )T MR,

Wgr* Wg

mostly on-shell,N boosted

0 % 1000 2000 3000

Prl " #0eV$
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off-shell = soft lepton andN

Ruiz 017
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Signal features for pp! Wgr ! IrN MN, Nesti, Senjanovi", Zhang O1

separated brst LHC data,
1000F 1&33.2 pb' !
500 }
merged m
o . 10} &

neutrino jet 2 2 -

O 50} O 208y,

- I jet #EM activity ¢ . :

2 = ) SRR LNV relation to
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ATLAS: Ferrari et al. D0C
CMS: Gninenko et al. O0°



I N

35.9f" (13 Te
|IIII|IIII|III

’>_\ L R " §

& 4500 f_CMS ee Channel _f 10 .5 | e | 4 T T1 | LI | T 17T | T T | UL | LI | LI ’I UL | LI | LI
g 40005_ - - Expected = 3 % - ATLAS Majorana Ny, ee channel -
- 58% xpected z 3 | 350Vs=13Tev. 361" g =g, E
3500F- — Observad. = 5 . [ —Obs.95%CLlimit -
= - § 2 30 Exp.95% CLlimit - E
3000 — 1 = & - [ Exp. limit £ 1! o n
= e 2.5 JExp. limit + 2! E
- o - ]
25001 5 of E
- 3 = -
2000— © m ¥
u S 1.5 N
1500 1077 o :
- 1F =
1000 = -
0.5 -
>0 E | | | | | | | | E

11 111 1 111 1 | | I | | | I | | | I | | | | | 10—2 1 1-5 2 2-5 3 3-5 4 4-5 5 5-5
1000 1500 2000 2500 3000 3500 4000 4500 5000 m,, [TeV]
CMS 1803.11116 m,,_(GeV) ATLAS 1809.11105 W,
5 — EE—
'V
00

07



Isolation and displacement pp! Wgr ! IrN

2nd [epton isolation depends on the boost of\\

" Mwg Wk " on-shell

# LTV \We " ol -shell

Lab decay length very sensitive tann

o, 13my 1  (myn/10 Gevy
N oeaMy,. 25mm(My, /3 Tev)*

Simultaneous transition from

i
%
v

prompt isolated to displaced

merged - look for displaced

merged jets (tracks)

MN, Nesti, Popara 018




Dlsplaced Jets MN, Nesti, Popara 018

on simulating DJs

Modules available atsites.google.com/site/leftrighthep

Delphes hack/extension
added track displacement info
smeared with the vertex resolutions

store for each track

vy //
il
-
/




DlSpIaced Jets MN, Nesti, Popara 018

on simulating DJs

Modules available atsites.google.com/site/leftrighthep

Delphes hack/extension
added track displacement info
smeared with the vertex resolutions

store for each track

vy //
il
-
/

REBHHHHBBHHHRBHHHH
# Jet displacement
REBHHHHBBHHHRBHHHH

module JetDisplacement JetDisplacement {
set JetInputArray FastJetFinder/jets
set TrackInputArray TrackVertexSmearing/tracks

set DeltaRTrack 0.3
set fDisplTrackMinPT 20.

set OutputArray jets

FastJet clustering as in the prompt case

remove soft tracks above certain p cut

debPne min track displacement as jet ¢



Dlsplaced Jets MN, Nesti, Popara 018

on simulating DJs

Modules available atsites.google.com/site/leftrighthep

Delphes hack/extension Madanalysis use of cuts
added track displacement info displacement info in .lhe .hep and .lhco
smeared with the vertex resolutions use the last two fake entries for d, dz

store for each track perform cuts as usual

/_—\ FastJet clustering as in the prompt case

remove soft tracks above certain p cut

debPne min track displacement as jet ¢




Displaced jet discrimination

MN, Nesti, Popara 018

Event generation: custom generator KSEG, small width issues with MG5

talk by Goran Popara

Main bckgs

Feynrules model ble sgtes.google.com/site/leftrighthep

background # generator weight # detector
V + 012 22.46 M 0.021 9.93M
VV 4012 10.556 M 0.0028 4.61M
tt + 012 10.47 M 0.024 4.38M
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Recast of thew!' 1 I" MN, Nesti, Popara 018 iN

prompt hard leading lepton and signibcant missing energy

d! ="§ﬁpT dX12$S! mg ! 2p5 =1
dmt 24", an (6! mﬁ)z' 4p2 &
$ (pr, %)

2 |VudV'-N szu(Xl,z)fa(Xz,l) gl lo/l +

exponential distributions

(8! M2)°+ (1 M)

Recast from ATLAS 1706.04786 have long tails

Outlook V=100 Tev

200 | e N
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Search overviewp !

Wg !

IR N

MN, Nesti, Popara 018

standard prompt isolated mode
Ng et al.015, Ruiz 017

merged neutrino jet’ jn

Mitra, Ruiz, Spannowsky 016

displaced jet 1j g

Cottin, Helo, Hirsch 018

invisible: prompt ! + Emiss

relevant for any light\
search (SHIP, FASER,
MATHUSLA, etc.)



Higgs sector

1'.(3,1,2),"(2,20),! r(1,3,2) SSB of parity
Minkowski O77 T N O _ .
Mohapatra, Senjanovi" O79 P - Senjanovi",
' Q.! Og,L_! Lg Mohapatra O75
10 17 v O
L= b g = (T Y2 4 " (1 )" " moow )2
3 !(2) 0 O virge by+"@¢ )™ g"r)+ #(" g" r)
same forC -symmetry
_ O O ey
vr 0 h! | mixing!! — — <.44
IXing 5% YRR

Falkowski, Gross, Lebedev

Future collider
outlook

|sin!| < .34

Buttazzo, Sala, Tesi O15

0 50 100 15C 200 25C300 400 500 600 700 800 900 1000
m; In GeV



OMajoranaO SM Higgs ,

~ h decays

h! NN

I'n NN |
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ORight-handedO Higgs

! k decays
MN, Nesti,Vasquez 016
1.000 —— | =
OSOO_ /,—f_"'_——h‘"“x_\ - MWR:4TGV B
B o 7 my =45 GeV |
0.100F ! .
0.050 - | :
= |
= |
0.010+ | .
to SMvia 0.005- | Jommmne
mixing ' 1' Sp = 5%
/,‘J
0.001 —/// S /‘\\ ‘_ 10%
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Lo e =Sl ce(mp ! my) my in GeV
Displaced photons m; 2“: 2
T 64 4l |

Dev, Mohapatra, Zhang 016



ORight-handedO Higgs

I decays

N——

Region of interest foA - NN

20 GeV<my < 170 GeVv

Decay length

" 40GeV ° My,

My 5 TeV

my 1n GeV

cly ! 0.1 mm

Leads to two DV with LNV

|+

50 100 150

mu 1n GeV



ORight-handedO Higgs

| production
single I (gg! ! )= S!Z! (gg! h) N3LO Anastasiou et al. 016
I (pp! V!I)=si!(pp! Vh)
. , , "
pair& " , cf L8 2 @ 2
. o — Fo+ F %
09 TST e+ #s) 4 (8" m‘ﬁ)’f+@!ﬁ| o+ Bl s
large rate form, <my/2 1000 - My,=11TeV |
Lggt aa! lgg hBrar aa i 10?
5
0.1;
0.001 -
(accidental cancellation) 30 50 70 100 150 200

mp in GeV



Tri-linear Higgs @ LO

hhh - P - 5000
| (b}
> 2 2000
.2 %)1000 ]
> > |
S © 500 —_ ]
s |
= 2 200 | uow T
0.1- - -8 100; \\\\
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my in GeV m in GeV
2 X 2 matrix, mixing suppressed by [3avorAng
3g ,», ¢ = s
V = —mpy —— | 2—
hhh 2 " M Muw, "
# $ ¢ " _ s
Vhht 1= 952! m2 +2m2 —— + 2.2 & °Q
tree level 4 , Mw Mws ., + corrections due
_ gS #m2 N 2m2$ Si I ! § Ci #!! 0 0 to H mixing
47 " Mw . TMw,
3 s T ¢
Vin = —gm|2 =+ 2 -

2 My MWR cancellation



10" 1" -
neutralvi’ * in GeV

Tri-linear Higgs @ NLO

loop corrections, ~top in the hhh vertex of the SM

100C 10.0C
- My # 4TeVv 5.00 m-# 100GeV -
500" hi o my =17 TeV ]
200 - S L ; 100 rv+ =0.3 *
hhh 3 0.50 ]
| 5 |
50 O 0.10 - .
f 0.05 |
20+ j
1020 50 100 200 500 100C 3.0 5.0 7.0 10.0 15.0 20.C
m in GeV Mw, In TeV
: 2
17 1 \Y;
Vﬁlh)h I D 1+ — V Vfllh), I D11 — v decouple wittvg
3 M4+ VR VR $
vi) 1 ¢ (441014 )V vi 1 c® T8+16r12, v
wop L ome S = Mg
- v = ’ +4+ =
2(4')2 VR My
. Linde O76,Weinberg O7
o, L tree level o Mohapatra O86
upper boundvy; . 3 Vi from vacuum stability Basecq, Wyler OS¢



I production

L —— —

A* suppressed

2 ! 2 @ H
" h

pairé&
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WS Bt Hs) . & (8 mpe

laggt aa! lgg nBrni aa leads topp! NNNN

tgg! b N3LO Anastasiou et al. D16
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I signals

/ N _
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OMajoranaO Higgses at LHC

ggF production  ogg—nh ! 45 pk N3LO Anastasiou et al. 14
| ,=0 MN, Nesti,Vasquez O16
E
M / My
Lhe NN Do SEmy e — N Wn
h
_____ -
. N WR

Brh! NN ' 103 [J:

small couplings, no tuning Nno missing energy

lightjetsonly V' = V¢ soft products  pr! mn/6" 20 GeV

Kiers et al. 002, Zhang et al. 007
Maiezza et al. 010, Senjanovi", Tello O14 low background (LNV)
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OMajoranaO Higgses at LHC
| L=0 | L = 0(2,4) MN, Nesti Vasquez G16

N+

I h .// N |+
_____ ____</ §
R N 15
= N — — | RN
N 17
!i
similarto h! NN (same-sign) multi-leptons
ggF of CP even scalar 2* =16 possibilities
Anastasiou et al. 016 ' Log:!' Lo Lg=3:4:1



Backgrounds

Selection criteria

tt tth | tiz | «tW | WZ | Wh | ZZ Zh |WWij
Selection £ 1% + n;

£ £+ < 30GeV

PT pr(!1) < 55 GeV

my m!Tp < 30GeV

T

myy < 80 GeV
Miny

mng < 60 GeV

|11 [t1 > 0.1 mm

\_

all contain missing energy one prompt, one displaced lepton



Backgrounds

on jet fake simulation
use the Delphes
"#3$%&"%(#)*+" module

sites.google.com/site/leftrighthep

conversion rate
v 1(Ps)
softened momentum

pri= (1! 1)prie

1 11 )2
P(!) We(z--—‘?

Curtin, Galloway, Wacker 013
|lzaguirre, Shuve, O15

Bt

prompt lepton + jets

\

02 04 06 08  1C

N

+ 15+ Er+ )+ ]

+
! L

prompt + softer fake
lepton + jets
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jet fakes
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Backgrounds

1= 1% + n;
tt tth ttz | &#W | WZ | Wh | ZzZ Zh |WW]] | fakes
select| 806 4 5 26 1241 87 147 16 1.5 2651
£ 313 0.5 0.7 3 400 21 129 7 0.2 782
PT 112 0.2 0.1 0.7 174 8.4 63 4 0.05 284
my 60 0.1 0.04 0.3 80 4 56 2 0.03 106
m'" 35 0.03 0.03 0.2 25 36 2 0 80
ITe 0 0 0 0 0.7 0.1 0.9 0.05 | 0.001 2
tt tth ttz ttw | WZ | Wh | zZ Zh [WWjj [ fakes
select| 670 4 6 32 750 133 68 16 2 1676
£ 130 0.5 0.9 3.5 200 32 33 6 0.3 391
Y 57 0.2 0.2 1 95 17 16 3 0.1 152
my 32 0.1 0.1 0.5 51 9 12 2 0.05 49
m'™ 17 004 | 004 | 0.2 23 5 8 1 0.01 40
It 0 0 0 0 1.4 0.4 1 0.15 | 0.005 3

all contain missing energy

one prompt, one displaced lepton
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Sensitivity

Combined h! NN ! I NN ! T NNNN

180 y=0lmme 60 180 | 60
150 o T J.-'"lOcm 150 150 B - 10em 150
120 140 120 140
Z 3% 3
2 9% 30 22 90 30 2
>
g g8 g
Electrons | Muons |
60 P Ve oi3Tev |20 60 Vs=13Tev 20
£=100fb"! £=100fb"!
Sg = 5% - | Sg= 59 ----|
10% | A0 0% —J
40 20 30 40 ° 20 30 40

MWR in TeV

connectionto Q! 2" displaced 0.01 mm - >1m

GERDA, Neutrino 016 . .
discovery reach beyond direct

KamLAND-Zen 016 ht I 1 NNNN searches



Summary

Origin of neutrino mass and and LNV testable at the LHC

Prompt searches covered, while experimental opportunities remain in

Wr! RN h,! 1 NN h! 11 4N

Feasible in Run-2, prepare to optimize for Run-3

Pheno tools for LLPs under development

Displaced jets & use of fakes

Interplay needed between hep-ph and hep-ex



