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Motivation

...for complete coverage of new physics searches

Neutrino oscillations m, % 0 needs BSM

Lesson from the LHC Y fFL H fr

My
v oV
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_F

Kg

1072

10 E.

<L CMS &ATLAS 16

on 3rd gen. charged
fermions and the Higgs

= ATLAS and CMS
- LHC Run 1

¢ ATLAS+CMS ]
------- SM Higgs boson |
— [M, €] fit ]
[ ]68%CL
[ ]95% CL
| 1

10 1 10 10?
Particle mass [GeV]

fermions < anti-fermions

mf:yfv

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

coupling

Dirac ’31



Neutrinos

Special, both Dirac and

| i mpVLvr +mrp vy Cvy + mrvgCr
Majorana mass possible DYLYR Lvp vy rvpCrRr

fermions = anti-fermions Majorana '37
Lepton number is broken Racah, Furry ’39
T —1

Seesaw contains both my >~ mp, —MpMp Mp



Neutrinos

Special, both Dirac and

37 T T
Majorana mass possible DVLVR T mp VOV + MrVRCVR

fermions = anti-fermions Majorana ’37
Lepton number is broken Racah, Furry ’39
Seesaw contains both m, >~ mry, — mgm;ﬁlm D
® \Which is it?

® Are all neutrinos protected by gauge symmetry?

® [f SO, where are the ‘Majorana’ gauge and Higgs bosons”?
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unification of forces weak force asymmetry minimal gauged seesaw
SU(5),SO(10), Eg,... SU(4).x SU(2) x SU(2)r
SU(3)? U(l)p-L
SU2) x SU2)r x U(1)p_1 talks by Wei Liu and

Jon Butterworth

@ N> 16p,27F, ... p-decay: Mayr 2 1010 GeV

unification



unification of forces

SU(5), SO(10), Eg, . ..

1

partial unification
Left-Right

mLRSM : flavor fixed

weak force asymmetry

SU(4)C X SU(Q)L X SU(Q)R

SU(3)°

SU(Q)L X SU(Q)R X U(l)B_L

()

Vi~V

K-decay :

K & B oscillations :

colliders

Ov2p5

eEDM, wDM, ...

v

minimal gauged seesaw

U(l)B_L

Pati, Salam ‘75

MPS Z 108 GeV

My, >3 —4 TeV



Colliders

...striking signals of LNV, Left-Right as a paradigmatic example

New gauge bosons

New Higgses

On-shell Majorana fermion

N N — ¢+ 179 50-50% same-opposite sign

My \* /10 GeV\°
N ~12. i
Iy (5“@(3 TeV) ( —_— )




Gauge SeCtor Keung, Senjanovic ‘83

p y Main feature: Lepton Number Violation
Wgr

narrow mass peaks for my < My,

production
fixed by CKM

Mmyj5 = TN,

~NO MIssing energy

(T ¢
flavor states measure Vi, (free)

predict Dirac couplings ~ MN, Senjanovi¢, Tello, ’13

more on the Majorana nature

Ur, 1
Gluza, Jelinski ’15 16 MD T MN\/UR MN Ml/

Das, Dev, Mohapatra | 7



do/dM [pb/GeV]

channel: pp — Wgr — {r N Keung, Senjanovic ‘83

2
A 2 A 2
a_EN(g 0427'(' ‘VCKM (S o mN) (28 + mN)
clear peak mostly on-shell, /\V boosted
10-5 My, =4TeV
>
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=
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0 2000 4000 6000 8000 0 % 1000 2000 3000 4000
M,y (WR) [GeV] Pr({1) [GeV]
Miny diSappears off-shell = soft lepton and /V

Ruiz ‘17



Signal features for pp — WR — KRN MN, Nesti, Senjanovi¢, Zhang ‘| |

separated first LHC data,
ee” S . |OW bound
L000F L-33.2pb !
500}
merged ool
neutrino jet 3
J § 5ok OVQB(HM)
+ jet/EM activit - .
& S Cr e ___a_c_iv_l_f ---------------- - LNV relation to
B e Ov2[3
10f ¢ + Displaced Vertex -
displaced 5t Ty~51.. _ TeII<.>,’ MN’ N.e‘St"
. - Senjanovié,Vissani ‘10
Jet e .
CMS e + Missing Energy
. To00  1s00 2000 2500 3000
; . My, [GeV]
missing
ehergy Reach of 5-6 TeV at 14 TeV

ATLAS: Ferrari et al.’00
CMS: Gninenko et al.’07
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35.9 b (13 TeV
|IIII|IIII|III
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Isolation and displacement pp — Wgr — (RN MN, Nesti, Popara ’18

Wgr — eN - eejj

500 ¢

2nd lepton isolation depends on the boost of /V

];4”‘;‘/]5 ., Wgr — on-shell,
TN = T
¥, Wgr — off-shell

Lab decay length very sensitive to mn

50
Ty ~ asmiy ~_ L (my/10 GeV)® 30|
647TM{}VR 2.5mm (M, /3 TeV)4 ol
15}

Simultaneous transition from e
10+

prompt isolated to displaced

e
7TE

4000 5000 6000 7000 8000
M Wg [GGV]

merged - look for displaced

merged jets (tracks)




Displaced jets MN, Nesti, Popara ’18

on simulating DJs

Modules available at sites.google.com/site/leftrighthep

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

store for each track

vy //
il
-
/




Displaced jets MN, Nesti, Popara ’18

on simulating DJs

Modules available at sites.google.com/site/leftrighthep

HARHHHHHRHRAHHAHRH

, # Jet displacement
Delphes hack/extension HEHBH R

. . module JetDisplacement JetDisplacement {
added track dlsplacement INfo set JetInputArray FastJetFinder/jets

set TrackInputArray TrackVertexSmearing/tracks

smeared with the vertex resolutions set DeltaRTrack 0.3
set fDisplTrackMinPT 20.

set OutputArray jets

store for each track y

/_—\ FastJet clustering as in the prompt case

remove soft tracks above certain pr cut

define min track displacement as jet dr




Displaced jets MN, Nesti, Popara ’18

on simulating DJs

Modules available at sites.google.com/site/leftrighthep

Delphes hack/extension Madanalysis use of cuts
added track displacement info displacement info in .lhe .hep and .Ihco
smeared with the vertex resolutions use the last two fake entries for dr, dz
store for each track perform cuts as usual

/——\ FastJet clustering as in the prompt case

remove soft tracks above certain pr cut

define min track displacement as jet dr




Displaced jet discrimination MN, Nesti, Popara ’18

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

talk by Goran Popara

Main bckgs background +# generator weight # detector
V + 012y 22.46 M 0.021 9.93M
VV 4012y 10.55 M 0.0028 4.61M
tt + 0125 10.47M 0.024 4.38M

Myp=4TeV my=20 GeV

100 100 100
10 10 10
g g
l | = 1 | — 1
> )
~ ~
0.100 1= 0.100 1™ 0.100
0.010 0.010 0.010
0.001 0.001 0.001

0.5 1
pr(up) [TeV]

Feynrules model file at sites.google.com/site/leftrighthep

Myp=4 TeV my=60 GeV

0.5 1 2
pr(uy) [TeV]

My,p=4 TeV my=150 GeV

05 1 >
pr(uy) [TeV]



Recast of the W/ — Vv

MN, Nesti, Popara ’18

prompt hard leading lepton and significant missing energy

do 7T / / S—mN—QpT)il
— = 05— dxlz

me 4

A

3 — mN) — 4p2.3

+

Recast from ATLAS 1706.04786

36 38 40 42 44 46 48 50
My, [TeV]

taus ~ 4 Te\V  ATLAS 1807.11421

exponential distributions
have long tails

Outlook Vs =100 TeV
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my [GCV]

Search overview pp — Wg
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standard + displaced

65 7 75

MN, Nesti, Popara ’18

standard prompt isolated mode
Ng et al.“l5, Ruiz ’17

merged neutrino jet £jn
Mitra, Ruiz, Spannowsky ’16
displaced jet 5%

Cottin, Helo, Hirsch ’ | 8

invisible: prompt C+ Episs

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



Higgs sector

Ar(3,1,2), ©(2,2,0), Agr(1,3,2) SSB of parity
Minkowski '77 A < Ap, & — o)l
Mohapatra, Senjanovic¢ ’79 D - Senjanovic,
' Qr < Qgr, L; < Ly Mohapatra '75
(& o (v O
v= <¢f ¢2g) @) = (o o) VeX(@ D) +a(@Td)(ALAR) +p(ALAR)?

same for C-symmetry

AR = (AWLA/O\/§ _AA:/JF\/§>R \Ar) = (?2% 8) h — A mixing:0 ~ (;) <i> S -4

UR

Falkowski, Gross, Lebedev ’15

Future collider
outlook

| sin 6|

| sin 0] < .34

0 50 100 150 200 250300 400 500 600 700 800 900 1000
ma in GeV

Buttazzo, Sala, Tesi ’I 5




‘Majorana’ SM Higgs .,

h decays N
5 5 Fh—>NN 92 mn 2 MW 2 Gunion et al. Snowmass 86
L' NN X sgmpy ~
Fh—>b5 3 my Mw, EFT SM+h+N  Graesser '07
[ | T T T T7TT7 I | T T T T17TTT I T """"""””: MaieZZa’ MN’ Nesti ’ | 5
| X &Y Coll.27? | ——— 77—
1 JLR | My, =3TeV |
= mp -
- N < : 30%
i 2 1 < 10.0 - |
2 —-————T T ‘s\
I W | /\x 50* ”’ 20% \\ -
£ 10" S e ot .
a ; 1 | = R \
5 - 1 117 R4 \
@) n 4 < S_/ / 10% |\
2 : — 1.0 T/ v
10°F E :
F ] 051 i
i L v gl .....I.,,“..,.h.,,,,.: T (S S S S S S S NN S S SR
30 50 3000 5000 10 20 30 40 50 60

mass in GeV my in GeV



‘Right-handed’ Higgs

AR decays
MN, Nesti,Vasquez ’ 1 6
1000, S — l .
0500_ //*f_"’*—h‘"“s\ T MWR=4TGV E
I L= my =45 GeV |
0.100- :
0.050 :
= O
- |'
0010~ :
toSMvia  0.005} | Loemmee
mixing ' 1' | s6 =
| |
0.001 /1 _ — e 10%
100 150 200 300
FAéﬁzsgfh_)ﬁ(mh%mA) my 1n GeV
Displaced photons mx [ @2 2
Dev, Mohapatra, Zhang ' 6 Lasyy = 647AT (47T) N



‘Right-handed’ Higgs

A decays

Region of interest for A - NN

20 GeV < ma S 170 GeV

Decay length

40 GeV\’ [ My, \"
c¢R,:O.1mm< m]: ) (S%Z\R/)

Leads to two DV with LNV

my 1n GeV

50 100
mu 1n GeV



‘Right-handed’ Higgs

A production

single o(gg — A)
olpp > VA)=s

I
Va
DN DN

o(pp — Vh)

AS = i
997 647‘(‘(1 +5AS)
large rate for ma < mp/2 1000+
Ogg—AA > Oggsh Brhan £ 10
5
0.1
0.001 |
(accidental cancellation) 30 50 70 100 150 200

o(gg — h) N3LO Anastasiou et al.’ 16

mp in GeV



Tri-linear Higgs @ LO

| hhh - P _ 5000 A —
100 - / E 8 7 7
> | = 2000 ]
O
= C;@1000 ]
SR - S
T | 5§ 500 S
g S |
o 1 E 2 oA — P ]
i ,.g 200* AA;?A;{ “\\\\ 7
@) N
o S 100 \
20 50 100 200 500 1000 20 50 100 200 500 1000
mp in GeV mp in GeV
2 x 2 matrix, mixing suppressed by flavor and (Apr)
39 o Cg 52
v = —=m — \/5
b = T Moy My,
g [ Co So | 0—0
VhhA = =S920 (mQA + Qm%) + /2 > 0
1 _MW MWR i + corrections due

tree level

g 2 9 S0 Co 6—0 to H mixiﬂg
‘@: ~ 2 — V2 s 0
4320 (mA + mh) = \/_MWR_

39 o 32 Cg
VAAA — ?mA [MW + \/iMWR cancellation




Tri-linear Higgs @ NLO

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

1000 ¢ 10.00 ==—=c=cc===

f ] 500+ ma= 100 GeV -
,(é 200 - [ 1.00: ro = 0.3 *
-~ - 4 0.50 .
c. 100- SRl IS
- > L
= 50 : é 0.10r ;
3 | 005 ]
=20 ] |

10 » 0.01- L
20 50 100 200 500 1000 3.0 5.0 7.0 10.0 150 200
my in GeV My, iIn TeV
2
17 1 v v
Uﬁzlh)h ~ M (14 — | v vélh)A ~cM11 (=)o decouple with vg
3 ryg UR VR
1 1
v}(LA)A ~ M (4 4+ 10744 )v U(A)AA ~ 1) (8+1677 ) vp
(1) . 1 (mH>4 (mA++,A%’+ T+ )2
¢ = ; T++ =
\/§(4W)2 VR myg

tree level

VAAA from vacuum stability

upper bound U(Al)AA < (g)

Linde ’76,Weinberg '76
Mohapatra ’86
Basecq, Wyler ’89



A production

A* suppressed

alr & . c2 O 2 @
° ’ ( ) 25 Fy + Fi* /Bans

. o ~ s{—) — _
sssociated 99TY T 64n(1 + das) (8 —m3)Z + 42

47

Tgg—sAA == Ogg—h Brpan |leads to pp — NNNN

Ogg—h N3] O Anastasiou et al.’ | 6

03* | T Hllllf loj‘l‘w‘z‘u“‘_g.‘
(BrheAA<34%> /6066\] | (Bl’h_AABI'A_)NN>5X1O >
02" ms "~ y o S6=10% |
0.1 _ | /
Z ? 8
0.0- h >
3 : =
—0.1F h = 7
[ =
i : =
—O.Zj ] 65 mp =40 GeV 45
-0.3} ] 5
_0-4 ;\ % S RSSO A NSRS N .; _
4 6 8 10 12 14 4 | | | |
My, in TeV 10 15 20 25
R



A signals — / N :
o - A j
————— - AL=0(2)
single B v )
j
g:l:
Vs =13 TeV
MWR =4 TeV
100 - sg = (5,10,20)%
- _
5 S
Z ——
E 10, 20%
s 0 W e 10%
2
- e N e A A B NN\ e T 507
S
0.1

mu 1n GeV
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A signals
il A AL =0)2,4
' \\\ N 2
pair _ AN J
j
N I5s
j
j
50.0_ Vs =13 TeV ;
- My, =11TeV ey = B
o sg = (5,10,20)%
£ 100! 7
z _
Né 50 20%
3
= L S [ I 10%
L
=
g 100 0 A ... 5%,
T [
2 05
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‘Majorana’ Higgses at LHC

ggF production o044 >~ 45 pb

2
I'nsnn o< sgmpy

Brp,ny ~107%

small couplings, no tuning

light jetsonly V! =V}

Kiers et al.’02, Zhang et al.’07
Maiezza et al.’ |0, Senjanovic, Tello ’ 14

nastasiou et al.
N->LO A 1’14
AT — O MN, Nesti,Vasquez ' 6
gi
my
h > Wr
_____ o,
N W
gi

NO MISSINg energy

soft products  pr ~mp/6 ~ 20 GeV

low background (LNV)



[

‘Majorana’ Higgses at LHC
AL = O AL = O MN, Nesti,Vasquez ' 6

|

similarto h — NN (same-sign) multi-leptons
ggF of CP even scalar 24 — 16 possibilities
Anastasiou et al.’ 16 ALO ALy : ALy =3:4:1

RAL = R3, R}, R3, Ri



Backgrounds

Selection criteria

tt tth ttz | ttW | WZ | Wh | ZZ Zh |WWjyj
Selection (=0 + n;
Er Fr < 30GeV
pT pr(£1) < 55 GeV
mr mZpT < 30 GeV
myp < 80 GeV
TMinv

My, < 60 GeV

ZTE ng > 0.1 mm

\_

all contain missing energy one prompt, one displaced lepton



Wiz

Backgrounds

on jet fake simulation

use the Delphes
JetFakeParticle module

sites.google.com/site/leftrighthep

conversion rate

Ej—L m)

dN/N

softened momentum

pre = (1 — @)Drjet

1 (a—p)?
Pla) = NG e 202

Curtin, Galloway,Wacker ’13
|zaguirre, Shuve,’ 15

(E+ Pr+j+i+j

prompt lepton + jets

\

1.5}

0.5-

0.0;\ I I I | I I I | I I I | I I I | I I I \;
0.0 0.2 0.4 0.6 0.8 1.0

a

¥

ﬁi—I—ﬁ}t—I—ET—i—j—l—j

prompt + softer fake
lepton + jets



Entries/20 GeV Entries/20 GeV Entries/20 GeV

Entries/20 GeV

20

15
10 e*e* channel |
H|gh mass

st[[lﬂ e
0 TRl LITTITTTIIIIIIT

200 400 600 800 1000

Megjj in GeV
12, ‘ ‘
10}
8"
6 [ Talls channel
4
ngh mass
o ...........

0 200 400 600 800 1000
ijj in GeV

10
8
6 ] —
4 i‘e‘ channel t
2
100 150 200 250 300 350 400
Mgeii iN GeV
12, B
10
8"
6 */* channel
4 [] lI:IoLv(/—(r:nass ]
LI II1I1
0 100 200 300 400 500
my;i in GeV

Entries/20 GeV

Entries/20 GeV Entries/20 GeV

Entries/20 GeV

Backgrounds

jet fakes
30; ‘
i 20,
25 E
20; S 15}
1o [I e*e* channel | E 100 ] e*e* channel
12 { II High-mass | £ 5l I I I[ High-mass
] L i
OIIII HITTHITII rrrnnrr 0 I1TIITTTIITTTITTTTTTTTTTTTITTTT
0O 100 200 300 400 500 600 50 100150200250300350400
Mg, jj in GeV Leading lepton pr in GeV
14 o
12, 3 15
10+ o
8 2 10 7
6 “ p*u* channel 1§ l p*p* channel |
‘21 l High-mass = 5 High-mass
L
OHI H MELILIITILETIIINLR oll 1 ITIILLII.
100 200 300 400 500 600 0 50 100 150 200 250 300
my,j in GeV Leading Iepton pr in GeV
12— 14 :
3
2 2 8
e*e*channel | $ 6/ e*e” channel |
: c
[ : [IIII
o LU L | | ‘ 0
0 100 200 300 400 20 100 120
Me, j in GeV Leadlng Iepton pr in GeV
12, 12
10, E 10,
8 = 8¢t
65 gy channel | & i uEu* channel ]
421 Low-mass | £ ) 1 [ [ Low-mass
[ 3 wl M i
o ® 2t
0 100 200 300 400 0 50 100 150 200 250

my, j in GeV

Leading lepton pr in GeV

Wjij

3939
tt+j+37
VV +75+7j

e(j —e)=5x10"*

*overestimated for Q mis-id

e(j = p)=3x10""*

a=0.75 o=0.25

data from CMS
mumu |501.05566
ee,emu 1603.02248



Backgrounds

(0t + n;
tt tth ttZ ttw | Wz Wh 77 Zh |WW3ijjl fakes
select | 806 4 5 26 1241 87 147 16 1.5 2651
Fr | 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
mr 60 0.1 0.04 0.3 80 4 56 2 0.03 106
m™ | 35 0.03 0.03 0.2 25 2 36 2 0 30
I 0 0 0 0 0.7 0.1 0.9 0.05 | 0.001 2
tt tth ttz ttw | WZ | Wh A/ Zh |WWijl| fakes
select | 670 4 6 32 750 133 68 16 2 1676
Pt 130 0.5 0.9 3.5 200 32 33 6 0.3 391
pT 57 0.2 0.2 1 95 17 16 3 0.1 152
mr 32 0.1 0.1 0.5 51 9 12 2 0.05 49
m™ | 17 0.04 | 0.04 0.2 23 5 8 1 0.01 40
T, 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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205 — ApNys
5 155_ == A142st_§
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P T Rl S —
10
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<] 20 :;'
S 1000
0=

100 150 200 250 300 350 400 450
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dN/dm,, ,

dN/AR,,

Kinematics

[—
)

S W

dN/dlr,

AR,,

angular separation

20
15! o
10 o
5% ;
0Pt i
05 10 15 20 25 30 35

MN, Nesti,
Vasquez ’16

T A e
20 40 60 80 100 120 140
mujinGeV

characteristic mass peaks

1007
50/ :

20|
10|
5,
2,

1~ T B ‘ |
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Sensitivity

Combined h—- NN A—=>NN AA—>NNNN

180 | . | 60 180 | 60
150 o T J.-'"lOcm 150 150 B - 10em 150
120 40 120 140
2 3% 3
2 90 30 22 90 30 2
S g8 3
Electrons | Muons |
60 P Ve oi3Tev |20 60 Vs=13Tev 20
£ =100 fb™! £=100fb"!
so= 5% -~ -| so= 5% -+ |
40 0% | 40 0% 13
20 30 40 ° 20 30 40

MWR in TeV

connectionto  Qv2p3 displaced 0.01 mm - >1m

GERDA, Neutrino’l 6 : :
discovery reach beyond direct

KamLAND-Zen ’16 h— AA —- NNNN searches



Summary

Origin of neutrino mass and and LNV testable at the LHC

Prompt searches covered, while experimental opportunities remain in

Wr — LR j% h,A — NN h— AA — 4N

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

Pheno tools for LLLPs under development

Displaced jets & use of fakes

Interplay needed between hep-ph and hep-ex



