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Fermion mass

Origin of fermion mass from SSB, e.g. the SU(2)r x U(1)y
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Neutrinos

Massless by fiat in SM, does nature abhore gauge singlets?

Gauge extension motivations

I &

unification of forces weak force asymmetry minimal gauged seesaw
SU(5),50(10), Eg,... SUM4).x SU(2)r x SU(2)r see Pavel’s talk
Glashow 79 SU(3)° U(1)B-L

Gell-Mann et al.’79,...
SU(Q)L X SU(Z)R X U(l)B_L



Origin of neutrino mass

Not as simple as charged fermions - enter Majorana - two sources

Mnr —
"2 THN + My NTCN
vV

M, = Mp* My~*Mp
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Origin of neutrino mass

Not as simple as charged fermions - enter Majorana - two sources
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Origin of neutrino mass

Not as simple as charged fermions - enter Majorana - two sources

Mn —
"2 THN + My NTCN
U
M, = Mp* Myx—*Mp

_ MDTmN—1/2 mN_1/2MD
N— ——

OS5  0To =1,
Even so - connection to M p is ambiguous ST =S §=+/M,

Vs

non-unitarity,
colliders, meson
decays, OV2p, : mnx Y20/ M,

eEDMs,




Finding the origins

Gauge extensions: additional W’s, Z's and Higgsses

N3 16,275, ... p-decay:  Meapyr > 101° GeV

)

unification
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Gauge extensions: additional W’s, Z's and Higgsses
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Finding the origins

Gauge extensions: additional W’s, Z's and Higgsses

y-
<)

unification

1

partial unification
Left-Right

mLRSM : flavor fixed

N> 16, 27F, ...

(i)

Va~V{

p-decay :

K-decay :

K & B oscillations :

Maur > 10'° GeV

Pati, Salam ‘75

Mpg > 10° GeV

My, >3 —4 TeV

Senjanovic, Mohapatra ’79,
Beall, Bander, Soni 82, many ...
Bertolini, Nesti, Maiezza ‘1 4

neEDM, strong P breaking

Maiezza, MN ‘14



Finding the origins

Gauge extensions: additional W’s, Z's and Higgsses

"Jy N> 16p,27F, . .. p-decay :
unification
/ﬂ\ ( N) K-decay :
Lp =
lR

partial unification K & B oscillations :

Left-Right

colliders
mLRSM : flavor fixed Vi~V 0v2p3

eEDM, wDM, ...

Maur 2> 1010 GeV

Mpg > 10° GeV

My,

>3 —4 TeV

Y



Colliders
p y Main feature: Lepton Number Violation
Wgr

! On-shell Majorana fermion
production .. | |
fixed by CKM N — €754 50-50% same-opposite sign
Mmejy; = TN,
narrow mass peaks for mpy < My,
flavor states measure V]ﬁ% (free) ~No missing energy

more on the Majorana nature
Vi MyVg =my



do/dM [pb/GeV]

10111,

channel: pp — WR — ERN Keung, Senjanovic ‘83

A 2\2 /e n 5
5_£N(§ 0427'(' ‘VCKM (S B mN) (28 + mN)
R (5 = M, )" + M3, Ty
R R R
clear peak mostly on-shell, N boosted

MWR =4 TeV

do/dPr [pb/GeV]

1000 2000 3000 4000
Pr(f1) [GeV]

2000 4000 6000 8000
MinV (Wr) [GeV]

Minv disappears off-shell = soft lepton and N

Ruiz‘l7 see Richard’s talk



Sketch of a search for pp — WR — KRN MN, Nesti, Senjanovic, Zhang ‘| |

separated first LHC data,
eeJJ —r ———— ——————————r —— ———————— |OWbOUﬂd
1000 F
L=33.2pb*!
500F
merged
: : — 100 F
neutrino jet 3 3
o 50F V26(HM)
) , N . e + jet/EM activity -~ :
Richard’s talk & o | ¢ iieeee--m-EmTE —— LNV relation to
8l Ov2B
10f ¢ + Displaced Vertex -
dicol d 5t /’_/ Ty~> M
Isplaced et _—
- CMS e + Missing Energy
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1000 1500 2000 2500 3000
C My, [GeV]
MISSING
ener
&Y Reach of 5-6 TeV at 14 TeV

ATLAS: Ferrari et al.’00
CMS: Gninenko et al.’07



Isolation and displacement pp — Wgr — {r /N

2nd lepton isolation depends on the boost of N

Mwp Wgr — on-shell,

2mN ?

LIeV e — off-shell

mN’

IN =~

Lab decay length very sensitive to mn

aimiy 1 (mn/10 GeV)®

% ~ ~
N 64rMy, T 2.5mm (M, /3 TeV)?

i
%
v

Simultaneous transition from prompt

isolated to displaced merged - look for

displaced merged jets (tracks)

15+

10+

Wk - eN - eejj

o wm
7T

MN, Nesti, Popara ’|8
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Displaced jet discrimination MN, Nesti, Popara ’18

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

also Feynrules model file and Delphes,

ST ites. le. [site/leftrighth
Madanalysis displacement hack SILES.g00gIc.comisiterieitrighthep

Main bckgs background # generator | weight | # detector
V +012y 22.46 M 0.021 9.93M
VV 4012 10.55 M 0.0028 4.61M
tt + 0125 1047M 0.024 4.38M

Myp=4TeV my=20 GeV
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Sensitivity estimate

MN, Nesti, Popara’|8

—

7000
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standard + displaced
KS (eejj+ej)
LHC reach @ L=300/fb | |
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Sensitivities Mg HeV]

Electron Channel £ =300fb" My, : 4TeV  4TeV  4TeV 6TeV  6TeV
variable range # bins | mpy: 20GeV 300GeV 2TeV 20 GeV 300 GeV
pr(01) {150, 4500} GeV 35 14.19  13.82 7.19 1.03 1.77
dr(j1) {0.001,300} mm 100 17.57  14.04  7.60 2.02 1.91
4 (jets) 1,2.3.4 4 17.88  14.20 7.94 2.24 2.04
# (leptons) 1,2 2 17.97 14.90 9.08 2.30 2.23
#(same sign) 0,1 2 18.00 15.71 9.85 2.32 2.61
miny {200,8500} GeV 20 18.82  17.24 1091 2.81  3.03




- MN, Nesti, Popara ’18 '
Recasting the W' — (v estl, Fopara IN

prompt hard leading lepton and significant missing energy
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my [GGV]

Search overview pp — Wgr — {rN
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MN, Nesti, Popara ’|8

standard prompt isolated mode

Ng et al.“l 5, Ruiz ’17

merged neutrino jet {jn

Mitra, Ruiz, Spannowsky ’1 6

Richard’s talk

displaced jet 5%

Cottin, Helo, Hirsch ’| 8

invisible: prompt C+ Emiss

relevant for any light N
search (SHIF FASER,
MATHUSLA, etc.)



Experimental limits review pp — Wgr — (RN, ...
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1 1 My, Z 91V 706 04786
. ATLAS :
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mWR [TeV] Mohapatra Senjanovic '79

robes the off-shell N, too
P Tello, MN, Nesti, Senjanovic,Vissani ‘10
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LNV interplay

Nuclear vs. collider physics

Immediate proposal after Majorana: 0v25 via light neutrino exchange

=Y
A

3
3
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1.0

-1 inverted Cosmology,

Possible
tension

1074
1074 0.001 0.01 0.1 1
lightest neutrino mass in eV



LNV interplay

Nuclear vs. collider physics

Immediate proposal after Majorana: Ov25 via light neutrino exchange Furry 39

Mohapatra, Senjanovic 79

> > > >
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VLea > VERea >
5 5 " e VR2 2 a e
I'x i my" =V .m,, Vo I'x my = — N
mny,
VLea - VRea -
(& (&
W 'heavy' neutrinos Wn
> > > >
n p _ _ n p
lightest my in GeV

Lo | 1 10 100 400 500

1.0¢

| Cosmology Tello, MN, Nesti,
01, . , normal Seni i Vi i

 inverted inverted €njanovic, vissani

| KATRIN, ... = 01N | |

| A no tension with LR
0.0l; %E

p— g  Vr=Vpuns

o Possible - ? |
1075 . Mwr=35TV - connection to LFV
tension largest my =0.5TeV -

: 1073 S
1074 AUV SOV S : I 1074 0.001 0.01 0.1 1 '

10~ 0.001 0.01 0.1 1 Vlssanl 02 lightest neutrino mass in eV +Other dlagrams

lightest neutrino mass in eV



Majorana - Dirac connection

M, = Mp"Myx~"Mp + My,
CZMDT:MD, ML:—MN

MD — MN\/MN_lMV — —



BR of N

W

0.01 -

0.001 -

10_5§

10°°4

Majorana - Dirac connection

CZMDT:MD,

Colliders

M, = Mp*My~*Mp + My,

10_4;

N

500 1000

Sub-dominant decays, needs high lumi

Six flavor channels for M p

Polarimetry



Majorana - Dirac connection
eEDM

M, = Mp*My~*Mp + My,

UL
C:Mp' = Mp, M; = =My
UR
SM Is ~zero
Mp = My, My—1M, — &
_ D = My N - —
d°M < 10738 e em Y uR !
Pospeloy, Ritz ‘05 447 LR
1
&rr=10"*,v,=0
er, 19 N R
£ 0.1 inverted
- G
e
3 ACME 'i8 (ThO) d, = Im [£LrRVRF(OVR™M
S 001! — © T 422 [gLR rF(1)VR D}ee
£
< 0001 | T-o0dd, sensitive to Majorana phases
2 2 B
104 ]—"(t):t 11t + 4 + 6t% log t /(¢ 1)7

104 0001 001 01 1 2t —1)?
lightest neutrino mass in eV t = (my/Mw)?



Riggs sector

AL(Sa 172)7 (I)(27270)7 AR(17372) SSB of Parlt)’
Minkowski ’77 A, < Ap, ® — o)l . -
Mohapatra, Senjanovic 79 P - Senjanovic,

Qr < Qr, L, +< Lg Mohapatra '75

o @3 oy — (U VY
‘I’:<¢; ¢8) ”—(o o) Ve A@10)2 + a(@l0)(AfAR) + p(AlAR)?

same for C-symmetry

Ap = (AJFA/O\/§ _AA:/JF\@)R (Ar) = (v(; 8) h — A mixing: § ~ (ﬁ) <i> < .44

UR

Falkowski, Gross, Lebedev ’| 5

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 ’ |5




‘Majorana’ SM Higgs

__f-L decays

92
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Maiezza, MN, Nesti |5
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Ay decays

‘Right-handed’ Higgs

1.000 —
0.500 |

0.100 |
0.050 -

-
aa

0.010
to SMvia  0.005]

MIXINg
0.001

— )

2
Lo g7 = 89 Lo g (mn = ma)

100 | 150' 2()() 300
mp in GeV
. B 7713A o\ 2 E 2
A—yy — 647 (47T) | A'

Displaced photons




‘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) =sz0(gg — h) N3LO Anastasiou et al.’ |6
o(pp = VA) = sgo(pp — Vh)
9988 = G ey o )
large rate for ma < mp/2 1000+
Ogg—AA = Oggsh Brhsan £ 10
8
0.1;
0.001 -

(accidental cancellation)

30 50 70 100 150 200
mp in GeV



Tri-linear Higgs @ LO

bbb - _ 5000 f
100 - " ] G |
> = 2000 ]
OO
= @1000 ]
SR - S
z g 500 S
g 1 TSP S |
f ,.g 200+ AA;?A;{ ‘_“\\\\ 7
o \\
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 Cg 52
) = —m — \/5
S [MW My,
g I Co So 1 =0
VhhA = =S920 (mQA + Qm%) + /2 > 0
tree level 4 _MW MWR i + corrections due
98 (mg n 2m2) Sp \/§ Co 6—0_ 0 to H mixing
— 220 A h - 7
4 | Mwy My,
39 o 32 Cz
VAAA = 7mA [MW T \/§MWR cancellation




neutral vEO”) in GeV

Tri-linear Higgs

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

ma= 100 GeV
mpg =17 TeV |
T++ = 03 -

1000+ — 10.00,
" 5.00"

500 - - —
200 3 100
== . 050

100+ il 72 S :
50 1 § 0.10.

— 0.05
20+ : |
10 HEEE » 0.01-

20 50 100 200 500 1000 3.0
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(1) 17 1 v 2 (1)
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v ~ c 1+ — | v v ~ c

i ( 3 7“++> (vR) e
1 1
v}(LA)A ~ D) (4+10r )w U(A)AA ~ (1)

(D) _

upper bound v A <

1 (mH>
1 ree leve

from vacuum stability

150 200

10.0



A production A* suppressed

alr & . c2 O 2 @
P ’ ( ) = 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.’ 16
03* N L A B L 10—
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A signals — / N :
o - A j
————— - AL=0(2)
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‘Majorana’ Higgses at LHC

ggF production o44_.5 ~ 45 pb N3LO

AL:O

2
I'nosnn o< sgmy

W
h R
_____ -
i —— N NN
=
small couplings, no tuning no missing energy
light jets only V/ =V} soft products pr ~m/6 ~ 20 GeV

low background (LNYV)



[

‘Majorana’ Higgses at LHC
AL =0(2) AL =0(2,4)

|

similar to h - NN (same-sign) multi-leptons
ggF of CP even scalar 2* =16 possibilities
ALy: ALy : ALy =3:4:1

RAL = R3, R}, R3, Ri



Backgrounds

Selection criteria

tt tth | ttz | &w | Wz | Wh | ZZ Zh |[WWjj
N
Selection (=0 +n,

Er Fr < 30GeV

pT pT(€1) < 55 GeV

mr mZpT < 30 GeV

myp < 80 GeV

TMinv

Mey < 60 GeV

[y [Ty > 0.1 mm
\. J

all contain missing energy one prompt, one displaced lepton



Backgrounds

(=0 + n;
tt tth ttz | W | WZ | Wh | ZZ Zh |WWjj| fakes
select | 806 4 5 26 1241 87 147 16 1.5 2651
Er | 313 0.5 0.7 3 400 21 129 7 0.2 782
pr 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 80
[T 0 0 0 0 0.7 0.1 0.9 0.05 | 0.001 2
tt tth ttz | uw | WZ | Wh | ZZ Zh |WWjj| fakes
select | 670 4 6 32 750 133 68 16 2 1676
Er 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 | 004 | 02 23 5 8 1 0.01 40
Iy 0 0 0 0 1.4 0.4 1 0.15 | 0.005 3
all contain missing energy one prompt, one displaced lepton




dN/dm,, , j

Signal features
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Sensitivity

h— NN Maiezza, MN, Nesti ’ |14
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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
120 140 120 140
> 3% -
2 % 30 22 90 30 2
S g5 g
Electrons | Muons |
_ 1
60 U We=13Tev 120 60 Vs=13Tev 20
£ =100 fb™! £=1001fb"!
so= 5% | so= 5% - ---|
40 0% 113 40 1o 13
20 30 40 20 30 40

MWR in TeV

connection to 0v20 displaced 0.01 mm - >1m

GERDA, Neutrino ’16 discovery reach beyond

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



more LNV Higgs candidates

No-go for vanilla see-saw(s)

- Pilaftsis 92
Fourth generation h — v4uy Carpenter 'l |
Graesser ‘07
=FT from SM A+ h + N Caputo, Hernandez, Lopez-Pavon ' |7
SM + h + N + singlet scalar Shoemaker, Petraki, Kusenko *10
Spontaneous B-L SUR2), xU(1)r xU(1)p_1,
Deppisch, Mitra’ 18
/
- /d/ LNV disfavored Banks, Carpenter Fortin 08
}’LO N/ Z\\\\} my &~ my
RPV Susy -

gy’
KN SN needs post-LHC revision



Summary

Conclusions
Neutrino masses provide a clear path beyond the SM
Testing LNV Is a fundamental issue, similar to baryon number
TeV Colliders can discover the origin of neutrino mass
Outlook

Perform the non-trivial searches, including other channels

Improve theoretical tools, vertexing, data driven backgrounds

More studies needed for future colliders, HE-HL LHC, FCC-ee, eh, hh
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